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Why understand front-end electronics?

Energy resolution enables recognition
of structure in energy spectra.

Optimizing energy resolution often
depends on electronics.

Comparison of Nal(TI) scintillation
detector and Ge semiconductor
diode detector.

COUNTS

® Resolution in Nal(Tl) is determined
by the scintillator.

® Resolution of the Ge detector

depends significantly on
electronics.
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Energy resolution is also important in 2000

experiments that don’t measure energy.

2000 — 1.75 keV FWHM

Energy resolution improves sensitivity
because =

signal-to-background ratio improves with 2000

better resolution.

(signal counts in fewer bins compete with 5.6 keV

fewer background counts)
In tracking detectors a minimum signal-to- 10.8 keV
background ratio is essential to avoid fake
hits.

Achieving the required signal-to-noise ratio
with minimized power dissipation is critical in
large-scale tracking detectors.

COUNTS

1000 —

| | |
240 300 360 420

ENERGY (keV)

G.A. Armantrout et al., IEEE Trans. Nucl. Sci. NS-19/1 (1972) 107
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Recognizing overall contributions to signal sensitivity does not require detailed
knowledge of electronics engineering.
It does require a real understanding of basic classical physics.

i.e. recognize which aspects of physics apply in practical situations
... hope, real life doesn’t tell you which chapter recipes to follow!

For physicists and electronics engineers to work together efficiently it is
necessary that physicists understand basic principles so that they don’t request
things that cannot work.

A common problem is “wouldn’t it be nice to have this ...”, which often adds
substantial effort and costs
— without real benefits.

Conversely, explaining the physics goals to the engineers is also useful for them
to consider alternatives.

I've been asked to teach detector electronics numerous times over the past three
decades, but | myself have never taken an electronics course.
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Perhaps it will be useful to see how | learned what to do.
| learned this the hard way:

Perhaps this began as | was growing up in a small (~300 inhabitants) town in a traditional
farming region in Pennsylvania.

Here it was normal to try to fix your problems yourself and | had many opportunities to
construct items | thought of. Historically, this approach was probably driven by past
centuries in the Lancaster County: Pennsylvania Dutch Country, Amish + Mennonites

In dealing with old radios that were often sold cheaply, | learned more and at the age of 12
| became a radio amateur and built my own transmitter.

Unfortunately, it didn’t work well.

| first tried replacing the antenna, but that didn’t help.
Ultimately | did find the problem, but it had not been obvious.

This taught me to think again and again about what | might have done wrong.
Later | helped my grandfather build his new house.

My parents had both come to the U.S. as children. My mother was still in good contact with
her uncles in Germany and ultimately this led to my physics study at the Technical
University Munich.

Unlike the other university in Munich, the TUM also taught engineering. In Physics the TUM
was very scientific and provided a very broad and thorough set of courses in physics.
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My first experiments in the late 1960s were in nuclear physics.

Many nuclei are round, but in the mass range 150 < A < 190 they are deformed.
For nuclei of the same Z, but different mass, the energies of the first excited states change
and the externally measured energy is commonly shifted by temperature and direction..

My experiments were done using the Mossbauer Effect with both source and absorber
cooled to 4.2K. In a solid, a fraction of the nuclear events could occur essentially without
recoil. This required understanding of both nuclear and solid state physics.

The source was moved sinusoidally by an electromechanical velocity drive to vary the
emitted energy and measure the efficiency in the absorber.

Over the year | tracked the changes in core shapes in Os'®, 0s'®®, 0s'®®, and 0s'®.

The measurement of Os'® had not been done before, as the gamma energy was as high
as 187 keV, so the detection efficiency with the required energy resolution was critical and
individual measurements took up to 4 weeks.

Several measurements were taken simultaneously and the data were stored in a
multichannel analyzer. Both scintillator and semiconductor detectors were used.

However, the measurements easily yielded the wrong results. In doing multiple
measurements at the same time | found less energy resolution in one system.

Of course, in a complex system one can assume that this is unavoidable, but in
investigating all of the components | found that the worse resolution was not due to the
experiment system, but due to the analog-to-digital converter. This still happens!

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



When entering the doctorate work, | was measuring the interactions of heavy-ions.

In order to distinguish the various heavy-ion outputs it was necessary to measure the

energy, charge, and mass.

Energy, charge, and atom mass can be measured with two silicon detectors

First detector thin, so that particles pass AE DETECTOR E DETECTOR
through it (transmission detector) s
—> Differential energy loss AE |- *l
INCIDENT ﬂ
Second detector thick enough to PARTICLE >
stop particles
— Residual energy E At
Measure time-of-flight A between the two detectors
AE E
—
AE+E—=>Ero7
Total Energy Core Charge Core Mass AE,E—>2
At,E—=A

E =AE+E Zx JAE-E, AxE-(Atls)
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The original results from a group at another “leading” lab required a AE — E detector
spacing of 1m, so in addition to my initial on-beam measurements, my main additional task
was to develop a large vacuum chamber.

It was also important to improve the minimizing of residual Co in the vacuum, as this led to
background signals.

A problem with the 1 m distance to the E detector reduced the effective angle, so the event
rate was low.

Increasing the area of the E detector was limited, as its higher capacitance reduced the
signal-to-noise ratio and worsened time resolution.

Another effect on time resolution was that the electric distance to the detector edge, i.e. the
connection to the electronic front-end, increased, so variations in collection time increased.

In studying the full system, | found that the detectors could actually form signals that are
sufficiently fast and have adequate amplitude.

However, our electronics group told me that the required electronics wasn’t practical.

In studying electronic preamps in other applications, | found amplifiers that were sufficiently
fast with low noise, although designed for other applications.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



10

| decided to build one. This was very different from my previous radio experience and initial
results were not so good.

However, after investigating which components of the circuit could suffer results and how
they are connected, preamp performance looked much better.

For example, | found that several capacitors had to be connected with minimal length of
wire connections.

Today this is a common procedure, as many components are connected directly without
wires, but in those days | had to find capacitors from which | could remove the wires and
then mount them directly.

After learning how to recognize what would make the circuit work worse and improve
things, the output signals looked fine.

However, the time resolution of the AE - E system still wasn’t as expected.

The problem was the pulse shape discriminator that translates the varying analog pulses to
a fixed timing pulse.

The standard setting was to trigger at 20% amplitude. However, this relative level was OK
for scintillators, but in looking at my pulse shape, it became clear that the pulse slope was
not yet maximum.

Triggering at 40% of the pulse amplitude appeared better and worked.
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The result was

At ~ 50 ps FWHM
allowing

20 cm flight path.

Experimental results:

H. Spieler et al., Z. Phys. A278 (1976) 241
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| didn’t have to build a new big vacuum chamber.
We could accommodate several detector sets in our existing chamber.

This greatly increased the measurement efficiency and also helped my 3 doctorate
colleagues to get their results.

An example that later yielded improved results:

1. AE-detector: 27 um thick, A=100 mm?, (E)=1.1"10* V/icm
2. E-detector: 142 um thick, A= 100 mm?, (E)=2"10" V/icm

For 230 MeV *°Si:  AE = 50 MeV= V,= 56 mV
E =180MeV= V =106 mV

= At =32 ps FWHM
o, =14 ps

This again indicates that good experiments require not just the understanding of the
physics goals, but also the constraints of the measurement equipment and understanding
their physics. = This can often yield more physics data.
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In the following decades | often changed my physics goals, as | was always interested in
learning something new, rather than working deeper in the same area.

In the early 1980s a conference discussing new detectors for high-energy particle physics
concluded that given the energy and data rate, position detectors were not practical.

When | heard this, based on my efforts for a position detector in an astronomy proposal
and studying the experimental requirements, | concluded that semiconductor strip and pixel
detectors could be quite practical and triggered the appropriate R&D at LBL.

This was new for both the scientists and engineers, but became very successful for the first
semiconductor detector at the CDF at Fermilab, internationally the first high-rate detector at
a high-energy proton accelerator. It required simultaneous signal taking and readout.

Development of ICs with the special requirements was critical and a new process.
Fortunately, | could acquire engineers with an appropriate background.

Following developments contributed to both the strip and pixel detectors for the high-
resolution tracking detectors in the ATLAS detector at CERN.

Radiation damage was also a critical consideration.

| was active in performing test-beam measurements to verify performance and also
recognize potential problems.

As part of the team that organized test-beam measurements for the various groups working
on the semiconductor tracking detectors for ATLAS, | could also view a range of different
aspects. Actively collaborating with UC Santa Cruz was also very helpful.
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When mass production began, rather than being pulled into engineering by our upper
project organizer, | shifted my interest into astronomy (an area | had already worked on in
the 1980s) and came up with a new measurement system for the planned South Pole
Telescope.

Measurements with good position resolution at frequencies of about 150 GHz yield data
when atoms were first formed about 300 000 years after the universe formation about
13 to 14 million years ago. Our data follow the initial formation of planets.

The data from about 1000 detectors was taken continuously and read out without
interruptions.

This was done by having the data modulate a carrier, as in radio amplitude modulation.

Within detector groups each detector was biased with a different frequency, so all signals
could be sent simultaneously through the same line.

The detectors are linked to a temperature of about 0.25K, so designing the coupling to the
front end at 4.2K was critical, both to maintain temperature coupling and series inductance
at acceptable levels.
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Thermal Detectors

If all absorbed Energy E is converted
into phonons, the temperature of the sample
will increase by

AT =2

C’

where C is the heat capacity of the sample
(specific heat x mass).

15

TEMPERATURE
T@| C QJsensor

G

T
2,970

p—

0.6 |
A superconducting material will yield a
larger change in resistance for a small ¢
-- = 04}
temperature change, so this is the 3
desirable operation energy. §
2 02}
Q
%
0.0 |
0.50

Signal Processing and Electronics
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013

" 1 "
0.55 0.60 0.65
Temperature (K)

Helmuth Spieler



South Pole Telescope

10m diameter parabolic reflector
with off-axis feed

~25 micron surface accuracy
Beamwidth: 1.3 arcmin

1 deg field of view

Maximum scan speed: 4 deg/s
100% observing time

9300 ft altitude

Funded by NSF Polar Programs

First observations in 2007 —
many results since then.

For a better description go to my
website
www-physics.lbl.gov/~spieler
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Here it was important to attract engineers who have experience in developing
large-scale detectors, i.e. not in astronomy but in high-energy physics.

At LBL my support had to come from the U.S. Department of Energy.
When the project seemed to be functional, DoE support was cut. | still spent my
own time to continue, but also got into another project development:

High-Pressure Xe TPC: A detector that yields both energy and positions.
(returning me to studies in the late 1970s and early 80s)

Potential Applications

1. Search for neutrinoless double-beta decay

a) Verify that the neutrino is its own anti-particle
b) Helps determine absolute neutrino mass
c) If observed, lepton number not conserved

2. Large-area gamma detectors that require background suppression

High-pressure Xe gas can provide energy resolution much superior to liquid Xe.

E =25MeV (= @ °Xe):
e High-Pressure Xe: AE/E ~3-10°  (Fano factor ~ 0.15)
e Liquid Xe (EXO prediction): AE/E ~35-10° (Fano factor ~ 20)

Signal Processing and Electronics Helmuth Spieler
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Q-value (136Xe — 136Ba) = 2480 keV

A5]—235ﬂ—235 /FW ~2.9-10° FWHM

W = energy per ion/electron pair in xenon gas = 21.9 eV,
but W depends on electric field strength, might be ~24.8 eV

NN = number of ion pairs = Q/'W
F' = Fano factor. Measured in Xe gas: F=0.13-0.17 (assume 0.15)

Comparison:
Germanium diodes @ 25MeV  AE/E ~1-2-10° FWHM

Fano Factor of Liquid Xe ~20 = AE/E ~ 3.510% FWHM

Electroluminescence

Accelerate electrons in an electric field so that over a certain distance they gain just enough
energy to excite optical states — NOT emit secondary electrons.

—> This reduces statistic number fluctuations

With a voltage span of 40 kV over the 8 cm active test range, both mechanical
and electronic issues were critical.
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Overall, common to all of these (and other) experimental measurements |
considered:

1. Understand the experiment physics goals and consider potential variation
to the common techniques.

2. Experiments that were not possible with conventional detection and
data taking, that science area may well be possible with different
data components and detecting systems.

It is important to understand the
1. Science goals and constraints

2. Basic physics of the detection systems

Coupling the science goals with practical engineering can yield very successful
results.

In all measurements it is important to understand the limits of the measurement
system.

| have seen people claiming physics based on measurements that provided
results, but not what they thought.
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Given my consideration of what may go wrong in the practical development and
also in experimental results, | was often led to doing the additional work myself.

Although this general approach has been very successful, it also has its
drawbacks:

Many physicists think that practical applications are a matter of engineering, so
often | no longer could pursue the science | was aiming at.

| certainly am not capable of doing much of the work that engineers can handle.

However, because | can understand the applications and often participate in the
design, many physicists in Berkeley call me an engineer and treat me like a
technician, expecting me to do the application work.

As a result, | didn’t get the appropriate support.

Nevertheless, | still urge scientists to understand the application of physics and to
explain the experimental goals to the engineers.

For both it is important to understand the basics and not just follow the recipes.

It truly is helpful in doing good measurements and interpreting the results.
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Overall, it is very useful to view the complete system and check the assumed
functions.

This is useful in a wide range of topics.

With my German name and getting my doctorate in Germany leads many to say
that | am German (especially theorists).

However, I've been a U.S. citizen all of my life, was born in the U.S. and that’s
where | grew up. And my parents had come to the U.S. in their youth and grew
up as U.S. citizens.

So, before jumping to a conclusion, it is always good to check the facts.

P.S. There are some really good physics theorists, but many theorists are highly
specialized and driven by their narrow vision.

Let’s look at electronic systems and their basics.
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What Determines Sensitivity or Resolution?

1. Signal variance (e.g. statistical fluctuations) >> Baseline Variance

SIGNAL % BASELINE NOISE - SIGNAL + NOISE

|
BASELINE BASELINE BASELINE

—> Electronic (baseline) noise not important
Examples: ¢ High-gain proportional chambers
e Scintillation Counters with High-Gain PMTs
e.g. 1 MeV y-rays absorbed by Nal(T1I) crystal
Number of photoelectrons: ~ Npe~ 810* [MeV'] x E, x QE ~ 2.410*
Variance typically: Ove = Npe"? ~ 160 and ope / Npe =~ 5 - 8%

Signal at PMT anode (assume Gain= 10%):  Qsie= Gryur Npe ~ 2.410° el
osig= Gpur ope ~ 1.2107 el
whereas electronic noise easily < 10 el
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2. Signal Variance << Baseline Variance

SIGNAL

* BASELINE NOISE — SIGNAL + NOISE

BASELINE

BASELINE BASELINE

—> Electronic (baseline) noise critical for resolution

Examples:

e.g.inSi:

Signal Processing and Electronics

® (Gaseous ionization chambers (no internal gain)

® Semiconductor detectors

Number of electron-hole pairs N, = dep

* 3.6eV
Variance o, =.,/F-N, (where F'=Fano factor ~0.1)

For 50 keV photons: ocp~40el = oo/ Neyp=7.510"

Obtainable noise levels are 10 to 1000 el.
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Baseline fluctuations can have many origins ...
pickup of external interference
artifacts due to imperfect electronics

.. etc.,

but the (practical) fundamental limit is electronic noise.

Depends on noise sources and signal processing.

Sources of electronic noise: e Thermal fluctuations of carrier motion
e Statistical fluctuations of currents

Both types of fluctuations are random in amplitude and time
= Power distributed over wide frequency range

= Contribution to energy fluctuations depends on signal processing
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Many different types of detectors are used for radiation detection.
Nearly all rely on electronics.

Although detectors appear to be very different, basic principles of the readout
apply to all.

e The sensor signal is a current.

e The integrated current @ = _[is(t)dt yields the signal charge.

e The total charge is proportional to the absorbed energy.

Readout systems include the following functions:
e Signal acquisition
e Pulse shaping
e Digitization

e Data Readout
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Example: Scintillation Detector

SCINTILLATOR PHOTOCATHODE ELECTRON

MULTIPLIER
NNVWNA | —>
AVAVAVAV, 2 NNWNA | —> —
e [ Vv
INCIDENT LIGHT ELECTRONS ELECTRICAL
RADIATION SIGNAL

|[¢— PHOTOMULTIPLIER —]

number of photons number of photoelectrons charge in pulse
o absorbed energy o absorbed energy oc abs. energy
Signal Processing and Electronics Helmuth Spieler
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Readout
PULSE SHAPING ANALOG TO DIGITAL DIGITAL
CONVERSION DATA BUS
charge in pulse pulse height
o« absorbed energy o absorbed energy
Signal Processing and Electronics Helmuth Spieler
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Basic Functions of Front-End Electronics

INCIDENT SENSOR INTEGRATING PULSE ANALOG TO DIGITAL
RADIATION PREAMPLIFIER SHAPING DIGITAL DATA BUS
CONVERSION

NN\NN\A> JL J_ /\ >

Pulse shaping can also be performed with digital circuitry:

INCIDENT SENSOR PREAMPLIFIER ANALOG TO PULSE DIGITAL
RADIATION + PRE-FILTER DIGITAL SHAPING DATA BUS
CONVERSION
J— /\ DIGITAL
"AN\N\S\> SIGNAL >
PROCESSOR
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Many Different Implementations

“Traditional” Si detector system Tracking Detector Module (CDF SVX)
for charged particle measurements 512 electronics channels on 50 um pitch
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ATLAS Silicon Strip system (SCT): 128-Channel chips mounted on hybrid
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Design criteria depend on application
1. Energy resolution
2. Rate capability
3. Timing information
4. Position sensing

Large-scale systems impose compromises
1. Power consumption

2. Scalability
3. Straightforward setup + monitoring
4. Cost
Technology choices
1. Discrete components — low design cost
fix “on the fly”
2. Full-custom ICs —  high density, low power, but

better get it right!

Successful systems rely on many details that go well beyond “headline specs”!
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ll. Signal Formation and Acquisition
1. Photomultipliers

Basic Function

PHOTOCATHODE DYNODES ANODE
N
r N
INPUT
PHOTON
RAVAVAVAVAVAVAV, 2 > E

OUTPUT SIGNAL

0 0 0 0 0 0 0 }——?

+—WW AWV A ——AN—s—AN——A, AWV — o+

HIGH VOLTAGE

T o—

Voltage applied between dynodes accelerates the electrons to yield a significant gain.

The final set of electrons is collected by the anode and yields the output signal.
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A common configuration:

PHOTOCATHODE DYNODES ANODE
A

\4
Ywy

OUTPUT SIGNAL

O

o) Q OOOQOQOQOQ >Q
>——WV——<>——’\AN——«>——’VW——0——WV——<>——WV——0——'VW——0L——'W\, . _L o+

I I I ; OHfH VOLTAGE
i

In the final dynodes the signal current can be so large that the voltage drop across the
resistor is excessive.

It is important to follow the individual currents

The capacitors connected to the final dynodes are to store sufficient charge to avoid a
significant voltage change.
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The previous arrangement is typical, but it can be done better:

PHOTOCATHODE

DYNODES

A

ANODE

\4
vwy

L Q1O

>(><

>Q<

>Q<

——

——AN\——
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OUTPUT SIGNAL

il

rr7

O+

HIGH VOLTAGE

O —

Connecting the storage capacitors directly between the dynodes provides a direct current

path.

The smaller voltage across the capacitors also makes larger capacitances more practical,
e.g. 1 uF multi-layer ceramic chip capacitors.
— Less dynode-dynode voltage drop per pulse

Having the anode at ground level allows direct connection to the signal cable, often referred
to as “DC coupling”. However, it really isn't ...
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Detail of output circuit

\&
LAST DYNODE

The output current loop always

passes through the capacitor

to the last dynode. \ ANODE

—_— INPUT
S RESISTANCE
OF AMPLIFIER

Output Current Loop

Placing the anode at ground level reduces the voltage on the final dynode relative to
ground.

This allows a larger capacitance, increasing the time constant of the output coupling.
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The larger signal currents at the last dynodes can reduce the dynamic range at high rates.

Electronic circuits that stabilize the voltage across individual dynodes can maintain the gain
at high rates and can also provide true DC coupling of the output signal.

PHOTOCATHODE DYNODES ANODE

A
r I

\4
vwy

OUTPUT SIGNAL

1O OHOHOHOHOHPinamn'=

1
— W——— W\——"\W\——\W\— VOLTAGE STABILIZER ¢ j_ O +
T HIGH VOLTAGE
. o

A simpler solution is to run the PMT at lower overall gain and adding a preamplifier.
e Fast low-noise amplifiers are quite practical.

The first dynode gain should still be kept high, but especially the final dynodes can run at
much lower gain. PMTs with fewer dynode stages would be best.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



37
Signal Fluctuations in a Scintillation Detector

Example: Scintillation Detector - a typical Nal(Tl) system
(from Derenzo)
511 keV gamma ray

Resolution of energy measurement is U
determined by the statistical variance of

oroduced signal quanta 25000 photons in scintillator

U

15000 photons at photocathode

U

AE AN JN 1
E N N JN

Resolution is determined by the _ 3000 photoelectrons at first dynode
smallest number of quanta in the chain,

i.e. number of photoelectrons arriving at the U

first dynode. 310° electrons at anode

In this example 2 mA peak current

AE 1
E /3000

Typically 7 — 8% obtained, due to non-uniformity of light collection and gain.

= 2% rms = 5% FWHM

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



38

2. Semiconductor Detectors

Signal Formation

DETECTOR AMPLIFIER EQUIVALENT CIRCUIT

Sig
DETECTOR AMPLIFIER

sig
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When does the signal current begin?

a) when the charge reaches the electrode?
or

b) when the charge begins to move?

Although the first answer is quite popular (encouraged by the phrase “charge collection”),
the second is correct.

When a charge pair is created, both the positive and negative charges couple to the
electrodes.

As the charges move the induced charge changes, i.e. a current flows in the electrode
circuit.

The electric field of the moving charge couples to the individual electrodes and
determines the induced signal.

The following discussion applies to ALL types of structures that register the effect of
charges moving in an ensemble of electrodes, i.e. not just semiconductor or gas-filled
ionization chambers, but also resistors, capacitors, photoconductors, vacuum tubes, etc.

The effect of the amplifier on the signal pulse will be discussed in the Electronics part.
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Induced Charge

Consider a charge q in a parallel plate capacitor:

When the charge is midway between the two When the charge is close to one plate, most of
plates, the charge induced on one plate is the field lines terminate on that plate and the
determined by applying Gauss’ law. The same induced charge is much greater.

number of field lines intersect both S; and S,, so
equal charge is induced on each plate (= g/ 2).

As a charge traverses the space between the two plates the induced charge changes
continuously, so current flows in the external circuit as soon as the charges begin to move.
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Induced Signal Currents in a Strip or Pixel Detector

Consider a charge originating near the upper contiguous electrode and drifting down
towards the strips.

Initially, charge is induced As the charge approaches When the charge is close to
over many strips. the strips, the signal the strips, the signal is
distributes over fewer strips. concentrated over few strips

The magnitude of the induced current due to the moving charge depends on the coupling
between the charge and the individual electrodes.

Mathematically this can be analyzed conveniently by applying Ramo’s theorem.
(Chapter 2, pp 71-82)

Note that deriving induced charge from “energy conservation” generally yields
wrong results (it’s typically not a theory based on the relevant physics).
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Current pulses in strip detectors (track traversing the detector)

p-STRIP SIGNAL

0.5 - 0.6 -
< 047 r/e\ <
2 ] n-STRIP SIGNAL 2
E E 0.4 -
w 0.3 1 w
x x
(' x
o o
< | < 024
O] O]
» 0.1 -I', %)
1/ \\ h
/ \\\“"K
0 - T T ! 0 -
0 10 20 30 0

TIME (ns)

20 30

TIME (ns)

The duration of the electron and hole pulses is determined by the time required to traverse
the detector as in a parallel-plate detector, but the shapes are very different.
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Strip Detector Signal Charge
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SIGNAL CHARGE (fC)
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For comparison:

Current pulses in pad detectors (track traversing the detector)

0.6 - 1 -
V,=60V,V,=90V . V,=60V,V,=180V
< < 0.8
=2 =2
E 0.4 4 E
w w 0.6
ne he
he he
3 3
> 0.2 1 Z le
o O N
N n _
0.2 h\
0 T T T T T 1 0 T T T T T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50
TIME (ns) TIME (ns)

For the same depletion and bias voltages the pulse durations are the same as in strip
detectors, although the shapes are very different.

Overbias decreases the collection time.
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Varying time delays in signal amplitude can affect timing measurements.

The coupling of the charge increases greatly when the charge comes close to the
electrode in strip or pixel detectors.

N\

_— ——— LIS
Initially, charge is induced As the charge approaches When the charge is close to
over many strips. the strips, the signal the strips, the signal is
distributes over fewer strips. concentrated over few strips
Zo= 50 um Zo= 200 um
60 -
50
X-rays deposit localized charge, so this 2 40
shifts the arrival of the peak amplitude = 5
- : : : v
and may shift the triggering time of & 2
the timing system. © ]
O T T T T
0 1 2 3 4
TIME (ns)
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Detector Sensitivity in Semiconductor Detectors

a) Visible light (energies near band gap)

Detection threshold = energy required to
produce an electron-hole pair

~ band gap

In indirect bandgap semiconductors (Si),
additional momentum is required:
provided by phonons

Signal Processing and Electronics

ABSORPTION COEFFICIENT (Cm*’)
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b) High energy quanta (E > E )

It is experimentally observed that the
energy required to form an electron-hole

pair exceeds the bandgap. §
InSi: E, = 3.6eV (E, =1.1eV) x
Why? <
When particle deposits energy one must i
conserve both 2
energy and momentum 2

momentum conservation is not fulfilled by
transition across the gap

—> excite phonons
(lattice vibrations, i.e. heat)
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Diamond

16

vV ALPHAS
14 - -~

o ELECTRONS

A PHOTONS
12 —
10 - -
8 - ——

6=(|4/5)EG+r(‘ﬁwR) n
0.5<r(fiwg)<1.0eV

0 1 | ! L I
0 I 2 3 4 5 6

BAND GAP ENERGY (eV)

A. Klein, J. Applied Physics 39 (1968) 2029
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Signal Fluctuations: Intrinsic Resolution of Semiconductor Detectors

AE g = 2.35-E, JFN, =2.35-E, F% =2.35-[FEE,

l

F'is the Fano factor, which inherently reduces statistical fluctuations.
Si: E =36eV F=0.1
Ge: E.=29eV F=0.1

The Fano factor is small in Si and Ge, because a large portion of the energy adds phonons
with a much smaller (~meV) excitation level (Chapter 2, pp 52-55).

For comparison, in liquid Xenon F' ~20, whereas in Xe gas F ~0.15.
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Inherent Detector Energy Resolution

250 =
—_~ 2 —
E 200 T8
3 - % 1.5 -
=z _ ) pd
o 150 Si O Ge
'5 1 =
1 3 1 4
O
o 100 - 8
ul
L ul
> =
&) 50 _ @ 05 -
0 n'd
z A S
w T}
0 ! | ! | ! | ! | 0 ! | ! | ! |
0 10 20 30 40 0 1000 2000 3000
ENERGY (keV) ENERGY (keV)

Detectors with good efficiency in the 10s of keV range can have sufficiently small
capacitance to allow electronic noise of ~100 eV FWHM, so the variance of the detector
signal is a significant contribution.

At energies >100 keV the detector sizes required tend to increase the electronic noise to
dominant levels.
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In addition to energy measurements, semiconductor detectors allow precision

position sensing.

Resolution determined by precision of micron scale patterning of the detector electrodes.

Two options: Binary Readout

-

1

Analog Readout

to discriminators

Position resolution determined
directly by pitch p: o _=p/+ 12

\ Interpolation yields resolution < pitch

Relies on transverse diffusion

O-x oC tcoll

e.g.inSi: £, =10 ns = o,=5um
depends on S/N and p
p=25 um and S/N=50
= 3 — 4 um resolution

Pixel detectors yield 2-dimensional resolution.
More electronics required, but usually practical at the same total energy per unit area.

Signal Processing and Electronics
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3. Signal Acquisition

Amplifier Types

Q

a) Voltage-Sensitive Amplifier MW

The signal voltage at the amplifier input bs C)
R.

l

v, = Vg
R, + R,

@)

If the signal voltage at the amplifier input is to be approximately equal to the signal voltage

U, ® Ug — Ri >>RS

14

To operate in the voltage-sensitive mode, the amplifier’s input resistance (or impedance)
must be large compared to the source resistance (impedance).

In ideal voltage amplifiers one sets R, =«
This is never true in reality, although it can be fulfilled to a good approximation.

To provide a voltage output, the amplifier should have a low output resistance, i.e. its

output resistance should be small compared to the input resistance of the following stage.
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b) Current-Sensitive Amplifier

—> —>
The signal current divides into the O
source resistance and the amplifier's . . .
input resistance. The fraction of current Is 'R Ry U
flowing into the amplifier

‘e
7

R

S

: L
S
" R +R,

If the current flowing into the amplifier is to be approximately equal to the signal current

LRl = R < Ry
To operate in the current-sensitive mode, the amplifier’s input resistance (or impedance)
must be small compared to the source resistance (impedance).

One can also model a current source as a voltage source with a series resistance. For the
signal current to be unaffected by the amplifier input resistance, the input resistance must
be small compared to the source resistance, as derived above.

At the output, to provide current drive the output resistance should be high, i.e. large
compared to the input resistance of the next stage.
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e Whether a specific amplifier operates in the current or voltage mode depends on the
source resistance.

e Amplifiers can be configured as current mode input and voltage mode output or,
conversely, as voltage mode input and current mode output. The gain is then expressed
as V/A or A/V.

Although an amplifier has a pair of input and a second pair of output connections, since the
two have a common connection a simplified representation is commonly used:

Vi
I: INPUT —{> OUTPUT
INPUT OUTPUT
O ¢ - O
Signal Processing and Electronics Helmuth Spieler
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c) Voltage and Current Mode with Capacitive Sources

Output voltage: —>

Vo = (voltage gain Ay ) x (input voltage v; ). _T_ N

Operating mode depends on charge collection time ¢. and the input time constant R.C, :

a) RC, <, b) RC, >t

detector capacitance discharges rapidly detector capacitance discharges slowly
= v, < i () = v, [i(0)dt

current sensitive amplifier voltage sensitive amplifier

Note that in both cases the amplifier is providing voltage gain, so the output signal voltage
is determined directly by the input voltage. The difference is that the shape of the input
voltage pulse is determined either by the instantaneous current or by the integrated current
and the decay time constant.

Goal is to measure signal charge, so it is desirable to use a system whose response is
independent of detector capacitance.
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Active Integrator (“charge-sensitive amplifier”)

Start with inverting voltage amplifier

Voltage gain dv, /dv, =-A = "
v =—Av.
o l QL
Input impedance =« (i.e. no signal —> |
current flows into amplifier input) DETECTOR
C; (== V;

Connect feedback capacitor Cy
between output and input. A\ \
Voltage difference across Cr: v, =(A+Dy,
—> Charge deposited on Cy: Q=Cuv, =C,(A+1)y,

0;=0r (since Z;= )
—> Effective input capacitance  C, = @ =C,(A+1) (“dynamic” input capacitance)

l

AV, Aw A A1 1
dQ, C-u, C A+l C C,

l l

Gain A

Charge gain is set by a well-controlled quantity, the feedback capacitance.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



Q. is the charge flowing into the preamplifier .... but some charge remains on C,.

What fraction of the signal charge is measured?

Qi — Civi _ C Q

l

Qs_Qd+Qi_Qs'ci+scd

_ IC ~1 GfC >>C)
1+-—2
Ci
Example: A=10°

Cr=1pF = Ci=1nF

Caer= 10 pF: Qi /Qs=0.99
Caer = 500 pF: Qi /Qs=0.67

T

Si Det.: 50 um thick, 250 mm? area

Note: Input coupling capacitor must be > C, for high charge transfer efficiency.

Signal Processing and Electronics
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Calibration
Inject specific quantity of charge - measure system response

Use voltage pulse (can be measured conveniently with oscilloscope)

TEST |—+—
INPUT AV

_T_ t C;>>Cr = \Voltage step applied to
Crp T test input develops over
Cr.
* Q-AMP !
Cdet C = = QT =AV- CT

DYNAMIC INPUT

CAPACITANCE
. c, C,
Accurate expression: Q=—-F+—AV=C, |1-—| AV

C, C
1+— i

Ci

Typically: C,/C =10°-10"
Signal Processing and Electronics Helmuth Spieler
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Realistic Charge-Sensitive Preamplifiers

The preceding discussion assumed idealized amplifiers with infinite speed.

58

In reality, amplifiers may be too slow to follow the instantaneous detector pulse.

Does this incur a loss of charge?

DETECTOR AMPLIFIER

Lin

Equivalent Circuit:

—>
8C 14O
charges moving in detector capacitance
detector change discharges into amplifier

induced charge on
detector electrodes

Signal is preserved even if the amplifier responds much more slowly than the detector

signal.

However, the response of the amplifier affects the measured pulse shape.

e How do “real” amplifiers affect the measured pulse shape?
e How does the detector affect amplifier response?
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A Simple Amplifier

Vs

L,

Gain vs. Frequency

gm RL
log Ay, A / &
-1
1 (DCO
' >
1 lo
go
Ry Co

!

upper cutoff frequency 2x f,

Signal Processing and Electronics
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dv, di
*=—2.Z =g Z
dv, dv, " EnL

l

Voltage gain: A, =

gm = transconductance

Z, =R,/ C,
1 1ig
ZL RL

-1
1
= A, = — + iw C
Vv gm(R 10 o]

L

0 0
low freq. high freq.

Note: 1 indicates the 90° phase shift
between capacitor voltage and
current
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Frequency and phase response:

10° 3 0
: 10 -
20 -
30 -
40 -
_50 _-
60
70 4
-80 -
90

10" 3

GAIN
PHASE SHIFT (deg)

107 3

10_3 =1 -100 B LI LL S B L1 L) B B B R R R AL e ) |
10° 10 10" 10° 10" 10° 10° 10°° 102 10" 10° 10" 10? 10°
NORMALIZED FREQUENCY f/f, NORMALIZED FREQUENCY f/f,

Phase shows change from low-frequency response. For an inverting amplifier add 180°.

The corner (cutoff) frequency is often called a “pole”.
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Pulse Response of the Simple Amplifier

A voltage step vi (¢) at the input causes a current step i, (¢) at the output of the transistor.
For the output voltage to change, the output capacitance C, must first charge up.

= The output voltage changes with a time constant 7 = R, C,

FREQUENCY DOMAIN TIME DOMAIN
logA,t  &nllL INPUT OUTPUT
/ —i Em
Ao | oC, i
A,=1 ! > t
1 0, log ® V=V (1-exp(-t/r))
R;C,
T T — RLCO
UPPER CUTOFF FREQUENCY 2x f,,
. 1
The time constant r corresponds to the upper cutoff frequency : 7= ﬁ
72- u
Signal Processing and Electronics Helmuth Spieler
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Input Impedance of a Charge-Sensitive Amplifier

Zy
= > (A>>1)
A+l A

Input impedance

Amplifier gain vs. frequency beyond the upper cutoff
frequency

A= %
w
Feedback impedance Z,=- 1
o C,
= Input Impedance Z. =- L 1 = 1
oC 0 o

()

62

g A §

f e
Wo = W(A=Y)

Gain-Bandwidth Product

Imaginary component vanishes =  Resistance: Z. - R.

= low frequencies (f<f,): capacitive input
high frequencies ( /> f,): resistive input

Practically all charge-sensitive amplifiers operate in the 90° phase shift regime.

— Resistive input
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However ... Note that the input impedance varies with frequency.

Example: cutoff frequencies at 10 kHz and 100 MHz, low frequency gain = 10°

OPEN LOOP GAIN AND PHASE INPUT IMPEDANCE (Cf= 1 pF)

1000 3 - 200 10° -0
_% 100 ‘5 GAIN - 160 @ ; 1 - -20
= ] o 10° o
Z 104 T Q ] i
prd PHASE - 120 g <Z( ] ~ -40
O] » a .,

5 1 o g *
Q -80 & = ] IMPEDANCE - -60
(@]
prd 01 3 L ~ - 1 L
o]
'ﬁ'_J a 10° 3
O 0.01 = - 40 Z ] - -80
0001 ] LLELARLLL LA LLLL B LLLL I LILLLLL LR ELLLLY B LR 0 102 MLALAALLL L LLLL LU LLL L LA LLLY I LLL B LA '100
10°  10* 10° 10° 10" 10® 10° 10°  10* 10° 10° 10" 10® 10°
FREQUENCY (Hz) FREQUENCY (Hz)
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In the resistive regime the 1000 200
input impedance . -
S 100 E GAIN 160
1 < ] i
Z = , Z 10 3 ™o T
ol 14 N - m
: O 3 =
where C, is the feedback Q i -80 @
. _ > 0.1 3 <
capacitance and @, is the [ E
. . o L | 40
extrapolated unity gain O 0.01
frequency in the 90° i -
phase shift regime. 0.001 - 0
10° 10* 10° 10° 10" 10° 10°
FREQUENCY (Hz)
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Time Response of a Charge-Sensitive Amplifier

Input resistance and detector capacitance form RC time constant: r,=RC,
1
r,=—Cp
w,C,

= Rise time increases with detector capacitance.

Or apply feedback theory: jlf

H
C C IETECTOR
Closed Loop Gain 4, =% (4, << A) \ '
f 4 pon
A, z% (C, >>C,) i
i
Closed Loop Bandwidth w A, = o, Loz A ‘f\ S OPEN LooP
\

Response Time Tomp =—=Cp —— |
R w,C,

Same result as from input time constant. (.Ic cl,
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Importance of input impedance in strip and pixel detectors:

Amplifiers must have a low input /K )\ /K )\ /\
impedance to reduce transfer of

charge through capacitance to C C c c
neighboring strips s ss s ss

In the previous example at
8 MHz (é ~20 ns peaking time)
ZL. ~1.6 kQ, corresponding to 12 pF SE'EPCTOR =C =C ==C = =0

= with 6 cm long strips about
half of the signal current will
go to the neighbors. J_

For strip pitches that are smaller than the bulk thickness, the capacitance is dominated by
the fringing capacitance to the neighboring strips Cgs.

Typically: 1 -2 pF/cm for strip pitches of 25 — 100 um on Si.

The backplane capacitance C,, is typically 20% of the strip-to-strip capacitance.
Negligible cross-coupling at shaping times T, > (2 ... 3)xR.C,, and if C; > C,,.
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[1l. Electronic Noise

Choose a time when no signal is present.
e TR

Amplifier’s quiescent output level (baseline): } WVU qu U Vvv VUV V \ \/U\/V I UV

In the presence of a signal, noise + signal
add.

Signal Signal+Noise (S/N = 1)

linat VM{\J\/\/\ | e
I Wu

U

S/ N =peak signal to rms noise
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Measurement of peak amplitude yields signal amplitude + noise fluctuation

The preceding example could imply that the fluctuations tend to increase the measured
amplitude, since the noise fluctuations vary more rapidly than the signal.

In an optimized system, the time scale of the fluctuation is comparable to the signal
peaking time.

Then the measured amplitude fluctuates positive and negative relative to the ideal signal.

Measurements taken at 4
different times:

noiseless signal superimposed
for comparison

S/N =20
TIME TIME
Noise affects
Peak signal
Time distribution
TIvME TIME
Signal Processing and Electronics Helmuth Spieler
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Electronic noise is purely random.

— amplitude distribution is

Gaussian
_ _ 0.78 "
—> noise modulates baseline

—=> baseline fluctuations

: ) 0.5 -
superimposed on signal

—> output signal has Gaussian
distribution

NORMALIZED COUNT RATE

69

Measuring Resolution

Inject an input signal with known charge using a pulse generator set to approximate the

detector signal shape.

Measure the pulse height spectrum. peak centroid =

peak width

Signal Processing and Electronics
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Basic Noise Mechanisms and Characteristics

Consider n carriers of charge e moving with a velocity v through a sample of length /.
The induced current i at the ends of the sample is
. nev

=
[
The fluctuation of this current is given by the total differential

(di’ - (%d@f ; (%<dn>}2,

where the two terms are added in quadrature since they are statistically uncorrelated.

Two mechanisms contribute to the total noise:
e velocity fluctuations, e.g. thermal noise

e number fluctuations, e.g. shot noise
excess or “1/ f“ noise

Thermal noise and shot noise are both “white” noise sources, i.e.

power per unit bandwidth (= spectral density) is constant: %‘3‘3 = const.
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1. Thermal Noise in Resistors

The most common example of noise due to velocity fluctuations is the thermal noise of
resistors.

Noise power density vs. frequency f': % =4kT k = Boltzmann constant
T = absolute temperature

since P = V?f =I’R R = DC resistance

the spectral noise voltage density % =e’ =4kTR

and the spectral noise current density d%‘jse =i = %

The total noise depends on the bandwidth of the system.

For example, the total noise voltage at the output of a voltage amplifier with the frequency
dependent gain A (f) is

2 = [e AX(f) df

Note: Since spectral noise components are not correlated, one must integrate over the
noise power (proportional to voltage or current squared).
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Total noise increases with bandwidth.

NOISE

72

log f

A
SIGNAL
Total noise is the integral over
the shaded region.
A
A

S/N increases as noise bandwidth
is reduced until signal components
are attenuated significantly.

log f
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2. Shot noise

A common example of noise due to number fluctuations is “shot noise”,
which occurs whenever carriers are injected into a sample volume
independently of one another.

Example: current flow in a semiconductor diode
(emission over a barrier)

Spectral noise current density: if = 2el e = electronic charge
I=DC current

When measuring signal charge the signal pulses are integrated over time. The shot
noise then results from the statistical fluctuations of total number of injected carriers
during the integration time, so the noise increases with the square root of shaping
time.

Note:  Shot noise does not occur in “ohmic” conductors. Since the number of
available charges is not limited, the fields caused by local fluctuations in the
charge density draw in additional carriers to equalize the total number.
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3. Low Frequency (“1/f”) Noise

74

Charge can be trapped and then released after a characteristic lifetime .

The spectral density for a single lifetime

S(f)

. T
1+2xf7)?

For 2zfr>1: S(f) « % :

However,
several traps with different time constants
can yield a “1/f “ distribution:

Traps with three time constants of
0.01, 0.1 and 1 s yield a 1/f distribution
over two decades in frequency.

Low frequency noise is ubiquitous — must
not have 1/f dependence, but commonly
called 1/f noise.

/df

N

dP

10%
10" 1
10°
10
107
10°
10*

107

=1
1=0.1
T=0.01
10_6 B LI AL L L BN S 1) B L B S L) M R
0.001 0.01 0.1 1 10 100
FREQUENCY (Hz)

dP. 1
Spectral power density: 28 = Iz (typically « = 0.5 — 2)

df

Signal Processing and Electronics

Helmuth Spieler

2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



4. Noise Bandwidth vs. Signal Bandwidth

Consider an amplifier with the frequency response A(f). This can be rewritten
A(f) = AG(f),

where A4, is the maximum gain and G(f) describes the frequency response.

For example, for the simple amplifier described above

1
1 1
A-o | Liiwc | =o R
v = Em ER @ ] & T 50R,C.
1

and using the above convention A =g R, and G(f)=
J 0 = Entlz () 1+i (2zf R,C.)

If a “white” noise source with spectral density ¢, is present at the input, the total noise
voltage at the output is

0
_ 2
Uno - j eni
0

Af, is the “noise bandwidth”.

AGH[df =e, AO\/ [@(Hhdf =e, A, |af,
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Note that, in general, the noise bandwidth and the signal bandwidth
are not the same.

If the upper cutoff frequency is determined by a single RC time constant,
as in the “simple amplifier”,

1
the signal bandwidth Af,=f =
J =1, 27 RC
: , 1 T
and the noise bandwidth Af =——=—f .
4RC 2
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Noise Bandwidth and Low Frequency (1/f) Noise

S
For a spectral noise density P, = 7f
. . 2 Af
and a corresponding voltage density €, = 7

the total noise integrated in a frequency band fi to f2is

ng f
vl = —fdszlog[—z]
/ ,{f A

Thus, for a 1/f spectrum the total noise depends on the ratio of the upper to lower cutoff
frequency.

Since this is a power distribution, the voltage or current spectral density changes 10-fold
over a 100-fold span in frequency.

Frequently, the 1/f noise corner is specified: frequency where 1/f noise intercepts white
noise.

Higher white noise level reduces the corner frequency, so a lower noise corner does not
equate to lower 1/f noise.
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“Noiseless” Resistance Example — Dynamic Resistance

In many instances a resistance is formed by the slope of a device’s current-voltage
characteristic, rather than by a static ensemble of electrons agitated by thermal energy.

Example: forward-biased semiconductor diode
Diode current vs. voltage I=1,(e*"""" 1)

_dV kT

The differential resistance ry=——=—
dl q,1

i.e. at a given current the diode presents a resistance, e.g. 26 Qat I =1 mA and 7' =300 K.

Note that two diodes can have different charge carrier concentrations, but will still exhibit
the same dynamic resistance at a given current, so the dynamic resistance is not uniquely
determined by the number of carriers, as in a resistor.

There is no thermal noise associated with this “dynamic” resistance,
although the current flow carries shot noise.
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Noise in Amplifier Chains

Consider a chain of two amplifiers (or
amplifying devices), with gains A; and A,
and input noise levels N1 and N2 .

A signal S is applied to the first amplifier, so
the input signal-to-noise ratio is S/ N, .

At the output of the first amplifier the signal is A1S and the noise A11V.

Uncorrelated noise components add in quadrature, e.g. V, ,, = / ZV,?Z

Both are amplified by the second amplifier, but in addition the second amplifier contributes
its noise, so the signal-to-noise ratio at the output of the second amplifier

( s T i (SAA, Y & :[ S T 1
N) (NAA) +(N,A4,) N s L N, T N +£ N, T
Al AlNl

The overall sign-to-noise ratio is reduced, but the noise contribution from the second-stage
can be negligible, provided the gain of the first stage is sufficiently high.

= In a well-designed system the noise is dominated by the first gain stage.
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5. Signal-to-Noise Ratio vs. Detector Capacitance

DETECTOR AMPLIFIER

VELOCITY OF
CHARGE CARRIERS

RATE OF INDUCED dag
CHARGE ON SENSOR "3~
ELECTRODES

QS
SIGNAL CHARGE ds /

@ @ Cdet

if R.x(C,, +C,)> collection time,

Q _Jidt @

eak voltage at amplifier input V. = =
P J PP Y =0 =" ¢ "¢ +C

T
Magnitude of voltage depends on total capacitance at input!
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The peak amplifier signal V is inversely proportional to the total capacitance at the
input, i.e. the sum of

1. detector capacitance,
2. input capacitance of the amplifier, and

3. stray capacitances.

Assume an amplifier with a noise voltage v, at the input.
Then the signal-to-noise ratio

S s 1
— =2 oc —
N v C

n

e However, S/N does not become infinite as C — 0
(then front-end operates in current mode)

e Theresultthat S/NN «1/C generally applies to systems that measure signal charge.
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Noise vs. Detector Capacitance — Charge-Sensitive Amplifier
In a voltage-sensitive preamplifier
¢ noise voltage at the output is essentially independent of detector capacitance,

¢ input signal decreases with increasing input capacitance, so signal-to-noise ratio
depends on detector capacitance.

In a charge-sensitive preamplifier, the signal at the amplifier output is independent of
detector capacitance (if C, > C,).

What is the noise behavior?

e Noise appearing at the output of the preamplifier is fed back to the input,
decreasing the output noise from the open-loop value v,, =v A, .

¢ The magnitude of the feedback depends on the shunt impedance at the input, i.e.
the detector capacitance.

Although specified as an equivalent input noise, the dominant noise sources are typically
internal to the amplifier.

Only in a fed-back configuration is some of this noise actually present at the input. In other
words, the primary noise signal is not a physical charge (or voltage) at the amplifier input to
which the loop responds in the same manner as to a detector signal.

= SI/N at the amplifier output depends on feedback.
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Noise in charge-sensitive preamplifiers

Start with an output noise voltage v, , which is fed back to the input through the capacitive
voltage divider Cr— Ca.

Lo, 1 Cy
X, _1
o C, DETECTOR \
U, =V, [1 + %j ‘ 7 ° >
f I
Cd %‘l:) Uni Uro
Equivalent input noise charge 4 4
UnO _ —
Qni = AQ - vnon I e
Qni = vni (Cd + Cf)
QS _ QS 1 S

Signal-to-noise ratio = —
R, v,(C,+C)) C v

ni

Same result as for voltage amplifier, but here e the signal is constant and
¢ the noise grows with increasing C.
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As shown previously, the pulse rise time at the amplifier output also
increases with total capacitive input load C, because of reduced feedback.

In contrast, the rise time of a voltage sensitive amplifier is not affected by the input

capacitance, although the equivalent noise charge increases with C just as for the charge-
sensitive amplifier.

Conclusion

In general

e optimum S/N is independent of whether the voltage, current, or charge signal is
sensed.

e S/N cannot be improved by feedback.

Practical considerations, i.e. type of detector, amplifier technology, can favor one
configuration over the other.
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6. Complex Sensors

Cross-coupled noise

STRIP — — —_ — e
DETECTOR T Cb T Cb T Cb T Cb T Cb

il

Noise at the input of an amplifier is cross-coupled to its neighbors.
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Principle of Noise Cross-Coupling

Consider a capacitance connecting two amplifier inputs, e.g. amplifiers at opposite
electrodes of a detector with capacitance C,:

AMPLIFIER 1 DETECTOR AMPLIFIER 2
inl Cfl inl Cf2
Il —> 1
1 ]
inl
—
7
il C i2
Unol d vno2
\ \ 4

First, assume that amplifier 2 is noiseless.
The noise voltage v, , causes a current flow ¢ , to flow through the feedback capacitance

C'f1 and the detector capacitance C, into the input of amplifier 2.

Note that for a signal originating at the output of amplifier 1, its input impedance Z., is high
(oo for an idealized amplifier), so all of current ¢, flows into amplifier 2.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



87

Amplifier 2 presents a low impedance to the noise current ¢ ,, so its magnitude

i — Unol —
nl 1 1
X ¢, T X, N

oC,  wC,

The voltage at the output of amplifier is the product of the input current times the feedback
impedance,
1 v

— I’nl . _ nol
nol2 - :
oC;, 1 + 1 oC, Cp + Crs
Cd

oC,  oC, C,

For identical amplifiers C,, = C,,. Furthermore, C,, < C,, so the additional noise from
amplifier 1 at the output of amplifier 2 is

Un012 = Unol '

This adds in quadrature to the noise of amplifier 2. Since both amplifiers are same,

U,,; = U, SO Ccross-coupling increases the noise by a factor J2.
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Cross-Coupling in Strip Detectors

NEIGHBOR 1 MEA2¥§E)MENT NEIGHBOR 2
The backplane capacitance Cb
attenuates the signal transferred ch
through the strip-to-strip _
capacitance C_,. C i ‘bin2 c.
n <" 1
The additional noise introduced into _ " " ,
the neighbor channels llnl Tin lln?
g 1 Zi1 . Ziz .
Vo1 = Upoa ® - llnl llnz
2 1+2C,/C, 1
=C; = Cy =C;
ForC,=0,v ,=v ,=v, /2 and Ti"
the total noise increases by a factor
J1+0.5% +0.5% =1.22 M y M

For a backplane capacitance C, = C_ /10 the noise increases by 16%.

In pixel detectors additional paths must be included.
This requires realistic data on pixel-pixel capacitances (often needs tests).
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Strip Detector Model for Noise Simulations

Noise coupled from neighbor channels.
Analyze signal and noise in center channel. /V %
Includes: i R [
a) Noise contributions from —F . I - I
neighbor channels 1T T I
b) Signal transfer to T 1 T 1 T 1

neighbor channels
c) Noise from distributed strip resistance

d) Full SPICE model of preamplifier 1807
Measured Noise of Module: =
= i
p-strips on n-bulk, BJT input transistor E ..
3
Simulation Results: 1460 el (150 pA) 2 )
1230 el (300 pA) 0
— Noise can be predicted with good accuracy. 1200 ‘ ‘ ‘ ‘ ‘
Current in Input Transistor [uA]
Signal Processing and Electronics Helmuth Spieler

2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



90

V. Signal Processing

1. Requirements — Two conflicting objectives:

1. Improve Signal-to-Noise Ratio S/N
Restrict bandwidth to match measurement time =  Increase pulse width

Typically, the pulse shaper transforms a narrow detector current pulse to
a broader pulse (to reduce electronic noise),

with a gradually rounded maximum at the peaking time T»
(to facilitate measurement of the peak amplitude)

SENSOR PULSE SHAPER OUTPUT

1L = AL

If the shape of the pulse does not change with signal level, the peak amplitude is also
a measure of the energy, so one often speaks of pulse-height measurements or pulse
height analysis. The pulse height spectrum is the energy spectrum.
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2. Improve Pulse Pair Resolution = Decrease pulse width

Pulse pile-up distorts amplitude Reducing pulse shaping time to 1/3
measurement. eliminates pile-up.
4 4
2 2
T T
2 2
TIME ' ' TIME

Necessary to find balance between these conflicting requirements. Sometimes minimum
noise is crucial, sometimes rate capability is paramount.

Usually, many considerations combined lead to a “non-textbook” compromise.
® “Optimum shaping” depends on the application!

e Shapers need not be complicated — Every amplifier is a pulse shaper!
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Goal: Improve energy resolution

Procedure: Integrate detector signal current = Step impulse
SENSOR PULSE INTEGRATOR OUTPUT
T. T

i

—
l:>

Long “flat top” allows measurements at times well beyond the collection time 7.

Commonly approximated as
“step” response (zero rise time).

— Allows reduced bandwidth and great flexibility in selecting shaper response.

Optimum for energy measurements, but not for fast timing!

“Fast-slow” systems utilize parallel processing chains to optimize both
timing and energy resolution (see Timing Measurements in other tutorials).
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2. Pulse Shapers
Simple Example: CR-RC Shaping

HIGH-PASS FILTER

Tq

Simple arrangement: Noise performance only 36% worse than optimum filter with

same time constants.

= Useful for estimates, since simple to evaluate

Key elements: o lower frequency bound
) upper frequency bound (= rise time)

are common to all shapers.
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LOW-PASS FILTER
‘DIFFERENTIATOR” “‘INTEGRATOR”

I

(£ pulse duration)
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Pulse Shaping and Signal-to-Noise Ratio

Pulse shaping affects both the
e total noise

and

e peak signal amplitude

at the output of the shaper.

Equivalent Noise Charge

Inject known signal charge into preamp input
(either via test input or known energy in detector).

Determine signal-to-noise ratio at shaper output.

Equivalent Noise Charge = Input charge for which S/N =1
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Shapers with Multiple Integrators 1.0 —

n=8

n=1

n=2

n=4

95

Start with simple CR-RC shaper and 08 __
add additional integrators '
(n=1to n=2, ... n=_8). 5 7
E 06 —
Change integrator time constants to 8 -
preserve the peaking time z, =7, /n ':;: 04 —
I
Increasing the number of integrators ? |
makes the output pulse more 0.2 —
symmetrical with a faster return to 7
baseline. 0.0
—> improved rate capability at the 0

same peaking time

TIME

Multiple integrators often do not require additional circuitry. Several gain stages are
typically necessary to bring the signal to the level required for a threshold discriminator or
analog-to-digital converter. Their bandwidth can be set to provide the desired pulse

shaping.

In y-spectroscopy systems shapers with the equivalent of 8 RC integrators are common.

Usually, this is achieved with active filters.
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3. Noise Charge vs. Shaping Time

Assume that differentiator and integrator time constants are equal 7, =7, = 7.

=> Both cutoff frequencies equal: f, = f, = f, =1/2x7.

Frequency response of individual pulse shaping stages

1.2

INTEGRATOR (LOW PASS FILTER) DIFFERENTIATOR (HIGH PASS FILTER)
1.0

0.8 1

0.6 1

GAIN

0.4 -

0.2 1

0.0 T

1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03
NORMALIZED FREQUENCY f/fp
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Combined frequency response

0.5

GAIN

OO v v rorvoreg LI B B B R | LI B R R BLR ] | LI B R A R L] | LI N B B R R | LA B L B
1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03

NORMALIZED FREQUENCY 7/

Logarithmic frequency scale = shape of response independent of 7.

Bandwidth Af decreases with increasing time constant =.
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Comparison with CR-4RC shaper

1+

0.8 0.8

CR-RC SHAPER CR-4RC SHAPER

L 100 ns PEAKING TIME L 100 ns PEAKING TIME
g 0.6 % 0.6
= =
Z Z
O] O]
< 0.4 < 0.4
= =

0.2 0.2 -

0 T T T T T T T T 1 0 T T T T T T T T 1
0 4 8 12 16 20 0 4 8 12 16 20

FREQUENCY (MHz) FREQUENCY (MHz)
Both have a 100 ns peaking time.

The peaking frequencies are 1.6 MHz for the CR-RC shaper and 3.2 MHz for the CR-4RC.

The bandwidth, i.e. the difference between the upper and lower half-power frequencies is
3.2 MHz for the CR-RC shaper and 4.3 MHz for the CR-4RC shaper.

The peaking frequency and bandwidth scale with the inverse peaking time.
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Result of typical noise measurement vs. shaping time

10 -

EQUIVALENT NOISE CHARGE (e)
2
!

RN
o
N

0.01 0.1 1 10 100
SHAPING TIME (us)

Noise sources (thermal and shot noise) have a flat (“white”) frequency
distribution.

Why doesn’t the noise decrease monotonically with increasing shaping time
(decreasing bandwidth)?
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Analytical Analysis of a Detector Front-End
DETECTOR BIAS
A Cb

o | | PREAMPLIFIER PULSE SHAPER
BIAS R §
RESISTOR b .,L ./\

+—] OUTPUT

C() RS
DETECTOR Cd@

Detector bias voltage is applied through the resistor Rz. The bypass capacitor C; serves to
shunt any external interference coming through the bias supply line to ground. For AC
signals this capacitor connects the “far end” of the bias resistor to ground, so that R
appears to be in parallel with the detector.

The coupling capacitor C, in the amplifier input path blocks the detector bias voltage from
the amplifier input (which is why this capacitor is also called a “blocking capacitor”).

The series resistor R represents any resistance present in the connection from the

detector to the amplifier input. This includes

) the resistance of the detector electrodes

e the resistance of the connecting wires

e any resistors used to protect the amplifier against large voltage transients
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Equivalent circuit for noise analysis

DETECTOR BIAS SERIES AMPLIFIER +
RESISTOR RESISTOR PULSE SHAPER
RS ens
R,
Cd ? 'nb tna
ind

bias shunt series equivalent input noise
current resistance resistance  of amplifier
shot thermal thermal
noise noise noise

In this example a voltage-sensitive amplifier is used, so all noise contributions will be
calculated in terms of the noise voltage appearing at the amplifier input.

Resistors can be modeled either as voltage or current generators.

e Resistors in parallel with the input act as current sources.

¢ Resistors in series with the input act as voltage sources.
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Steps in the analysis:

1. Determine the frequency distribution of the noise voltage presented to the amplifier
input from all individual noise sources

2. Integrate over the frequency response of a CR-RC shaper to determine the total
noise output.

3. Determine the output signal for a known signal charge and calculate equivalent
noise charge (signal charge for SIN = 1)

First, assume a simple CR-RC shaper with

equal differentiation and integration time constants 7. =7, =7,

which in this special case is equal to the peaking time.
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Equivalent Noise Charge

2

2
Q> = [%J queID - 4§T + ifaj T+ (4kTRS - eia)-&+ 4A.C;
P

T
e =exp(l) current noise voltage noise 1/f noise
oc T o 1/7 independent of 7
independent of C, o C/} o C/

e Current noise is independent of detector capacitance, consistent with the notion of
“counting electrons”, which is also why it increases with time constant 7.

¢ \/oltage noise increases with detector capacitance (reduced signal voltage) and
decreases with time constant .

e 1/f noise is independent of shaping time.

In general, the total noise of a 1/f source depends on the ratio of the upper to lower
cutoff frequencies, not on the absolute noise bandwidth. If 7; and z; are scaled by
the same factor, this ratio remains constant.

e Detector leakage current and FET noise decrease with temperature

= High resolution Si and Ge detectors for x-rays and gamma rays
operate at cryogenic temperatures.
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The equivalent noise charge @. assumes a minimum when the current and voltage noise
contributions are equal. Typical result:

10 -

EQUIVALENT NOISE CHARGE (e)
)

1/f NOISE
| CURRENT NOISE VOLTAGE NOISE
102 AL AL AL AL
0.01 0.1 1 10 100
SHAPING TIME (us)
dominated by voltage noise current noise

For a given pulse width CR-RC shaper, the noise minimum obtains for 7, =7, = 7.

This criterion does not hold for more sophisticated shapers.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



105

Time-Variant Shapers —

Time variant shapers change the filter
parameters during the processing of
individual pulses.

A commonly used time-variant filter SIGNALS
is the correlated double-sampler. 1“4"\*-\1,
NOISE
1. Signals are superimposed on a
(slowly) fluctuating baseline
2. To remove baseline fluctuations the SIGNAL /
baseline is sampled prior to the arrival
of a signal. S, |_|

3. Next, the signal + baseline is sampled
and the previous baseline sample

subtracted to obtain the signal Vi Un |
S/N depends on
1. time constant of prefilter S _|
2. time difference between samples U+ U,

Vs

See “Semiconductor Detector Systems” ”
for a detailed noise analysis. V, Av=1,+ 1, s
(Chapter 4, pp 160-166) o]
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Numerical expression for the noise of a CR-RC shaper
(amplifier current noise negligible)
(note that some units are “hidden’ in the numerical factors)

2

Q@ =121, r + 6-10°~— + 3.6-10" ¢’ ¢ [rms electrons?]
p T

where

7 shaping time constant [ns]

Iz detector bias current + amplifier input current [nA]

Rp input shunt resistance [kQ]

en  equivalent input noise voltage spectral density [nV/VHZ]

C total input capacitance [pF]

@, =1e corresponds to 3.6 eVin Si
29¢eVinGe
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“Series” and “Parallel” Noise

For sources connected in parallel, currents are additive.
For sources connected in series, voltages are additive.

= In the detector community voltage and current noise are often
called “series” and “parallel” noise.

The rest of the world speaks of equivalent noise voltage and current.

Since they are physically meaningful, use of these widely understood terms is
preferable.
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Scaling of Filter Noise Parameters 04

0.3 1

Pulse shape is the same when shaping
time is changed.

AMPLITUDE
o
N

shaping time = ¢ 011
0 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
TIME
0.4
shaping time = 107 031
L
S
E 021
: s
Shaper can be characterized by a <
“shape factor” which multiplied by o1 ]
the shaping time sets the noise
bandwidth.
0 T
0 1 2 3 4 5 6 7 8 9 10
TIME
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The expression for the equivalent noise charge

2

2
Q> = (%j HquID - 4£T ~ ifa] T+ (4kTRS - eia)-&+ 4A.C;
P

T
e =exp(l) current noise voltage noise 1/f noise
oc T o 1/7 independent of 7
independent of C, o C/} o« C/

can be put in a more general form that applies to all type of pulse shapers:

Q, =i, T,F + Ce, ?+E;fAfC2

e The current and voltage terms are combined and represented by i’ and e”.

e The shaper is characterized by a shape and characteristic time (e.g. the peaking time).
» A specific shaper is described by the “shape factors™ F;, F,, and F,,.

e The effect of the shaping time is set by 7.

e The effective capacitance C exceeds the detector capacitance C,, as it must include the
preamplifier input capacitance and any other capacitances shunting the input.
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Detector Noise Summary
Two basic noise mechanisms: input noise current i

input noise voltage ey,

Equivalent Noise Charge: Qj = ij T F + C? efl %

S

T Characteristic shaping time (e.g. peaking time)
F. ,F  "Shape Factors" that are |
determined by the shape of Typical values of I, Iy
the pulse. CR-RC shaper F;=0924 Fj,=0.924
C Total capacitance at the input CR-(RC)* shaper  Fj=045 Fyp=1.02
(detector capacitance + input
capacitance of preamplifier CR-(RC)’ shaper F;=034 Fy=1.27

+ stray capacitance + ... )

CAFE chip F;=04 Fp=12
Note that F; < F, for higher order shapers.

Shapers can be optimized to reduce current noise contribution relative to the voltage noise
(mitigate radiation damage!).
Minimum noise obtains when the current and voltage noise contributions are equal.
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Current noise

o detector bias current
increases with detector size, strongly
temperature dependent

e noise from resistors shunting the input
increases as resistance is decreased

e input transistor —
low for FET, higher for BJTs

Voltage noise

e input transistor —
noise decreases with increased
current

EQUIVALENT NOISE CHARGE (e)

111

10° -
] 1/f NOISE
4 CURRENT VOLTAGE
NOISE NOISE
10° L] B L] B L L) B B AL L
0.01 0.1 1 10 100

SHAPING TIME (s)

e series resistance, e.g. detector electrode, protection circuits

FETs commonly used as input devices — improved noise performance when cooled

Bipolar transistors are advantageous at short shaping times (<100 ns).
When collector current is optimized, bipolar transistor equivalent noise charge is
independent of shaping time (see Chapter 6).
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4. Threshold Discriminator Systems

The simplest form of a digitized readout is a threshold discriminator system, which
produces a normalized (digital) output pulse when the input signal exceeds a certain level.

Noise affects not only the resolution of amplitude measurements, but also the determines
the minimum detectable signal threshold.

Consider a system that only records the presence of a signal if it exceeds a fixed threshold.

PREAMPLIFIER SHAPER THRESHOLD
DISCRIMINATOR

I L

—» OUTPUT

THRESHOLD LEVEL Vpg

DETECTOR

How small a detector pulse can still be detected reliably?
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Consider the system at times when no detector signal is present.
Noise will be superimposed on the baseline.

Some noise pulses will exceed the threshold.
This is always true since the amplitude spectrum of Gaussian noise extends to infinity

A

H THRESHOLD

A [\ I [ TME
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The threshold must be set
1. high enough to suppress noise hits

2. low enough to capture the signal

NOISE THRESHOLD

COUNT RATE

SIGNAL

PULSE HEIGHT

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



115

Combined probability function AMPLITUDE

Both the amplitude and
time distribution are Gaussian. /

THRESHOLD
The rate of noise hits is /
determined by integrating the BASELINE

combined probability density
function in the regime that
exceeds the threshold.

This yields P(A) «— TIME
f=f .e—Q%/2Q3
n n0

where @, and @, are the threshold and noise charge.

P(t)

Of course, one can just as well use the corresponding voltage levels.

What is the noise rate f, , at zero threshold ?
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For a system with the frequency response A(f) the frequency of zeros

[ 7 a%(f)df
frea.t

2
[A*(Hdf
0
(Rice, Bell System Technical Journal, 23 (1944) 282 and 24 (1945) 46)

Since we are interested in the number of positive excursions exceeding the threshold,
f,, is V2 the frequency of zero-crossings.

In an ideal band-pass filter with lower and upper cutoff frequencies f, and f, the noise rate

‘g Jl B-f
0
3 f—h
For a CR-RC filter with 7, = 7, the ratio of cutoff frequencies of the noise bandwidth is
L_ys
h

so to a good approximation one can neglect the lower cutoff frequency and treat the shaper
as a low-pass filter, i.e. f, =0 and

2
h=rt,
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An ideal bandpass filter has infinitely steep slopes, so the upper cutoff frequency f, must
be replaced by the noise bandwidth.

1
The noise bandwidth of an RC low-pass filter with time constant 7 is  Af, = ™
T

1

2\/§r

Setting f, = Af, vyields the frequency of zeros fo =
and the frequency of noise hits vs. threshold

—Q? 2 —0O? 2 1 N2 2
fo=f, e % = fo . o Uh2Q _ o @24

2 43 7

Thus, the required threshold-to-noise ratio for a given frequency of noise hits f is

o= \2l0g(4V5 £,

Note that the product of noise rate and shaping time f, r determines the required

threshold-to-noise ratio, i.e. for a given threshold-to-noise ratio the noise rate is higher at
short shaping times

—> The noise rate for a given threshold-to-noise ratio is proportional to bandwidth.

= To obtain the same noise rate, a fast system requires a larger threshold-to-noise ratio
than a slow system with the same noise level.
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Example of noise occupancy (open circles) and efficiency (solid circles) vs.
threshold in a practical detector module:

100 oS B - 1E+00
° L
80 - +1E-01 O
] i T
] i b
X f 2
> 60 1 0 1E02 F
> ] 2
a 0 -3
E 40 1 o 4 ¢ £ 1E-03 2
Lo 1 @) . o
Ll O >
] O i Z
20 - ® + 1E-04 2
O T T T T T T T T T T T T T T T T T T T T T T T T 1E'05
0 50 100 150 200 250

THRESHOLD [mV]

Note that an extended overlap region of high efficiency and low noise occupancy is desired.
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The dependence of occupancy .

on threshold can be used to E
measure the noise level. ]
2 1x10% =
At 1 E
logP, =log| —— |- = Qr , ]
3 r) 2\ @, . ]
5 l
9 < 1x10° —
so the slope oflog P, vs. @, o ;
yields the noise level. S | Q,=1320e
O —
. C . L] 4
This analysis is independent 2 10T -
of the details of the shaper, z :
which affect only the offset. §
1x10°
Measured online during a beam test 1
at KEK in Japan
1x10° | | | | | | | | | |
01 02 03 04 05 06 07 08 09 10 1.1
THRESHOLD SQUARED [ fC?]
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5. Timing Measurements

120

Pulse height measurements discussed up to now emphasize accurate measurement of

signal charge.

e Timing measurements optimize determination of time of occurrence.

° For timing, the figure of merit is not signal-to-noise, but slope-to-noise ratio.

Consider the leading edge of a pulse fed into a threshold discriminator (comparator).

The instantaneous signal level is modulated o
by noise. =
-
o
= time of threshold crossing fluctuates 2
o, = O ~ tr VT

av SIN

dt |y,

tr = rise time

Typically, the leading edge is not linear, so the
optimum trigger level is the point of maximum slope.
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Pulse Shaping

Consider a system whose bandwidth is determined by a single RC integrator.
The time constant of the RC low-pass filter determines the
e rise time (and hence dV / dt)

o amplifier bandwidth (and hence the noise)
Time dependence: Vit)=V,Q- e ')

The rise time is commonly expressed as the interval between the points of 10% and
90% amplitude

i, =227
In terms of bandwidth
_997- 2.2 0.35
27 f, f,
Example: An oscilloscope with 100 MHz bandwidth has 3.5 ns rise time.
For a cascade of amplifiers: \/ t2 +t2 + ...+t
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Choice of Rise Time in a Timing System

Assume a detector pulse with peak amplitude V), and a rise time ¢. passing through an
amplifier chain with a rise time ¢,,.

1. Amplifier rise time > Signal rise time:

Noise oc./f oc ti
dt ¢ ¢

increase in bandwidth = improvement in dV / dt outweighs increase in noise.

2. Amplifier rise time <« Signal rise time
increase in noise without increase in dV /dt
Optimum: The amplifier rise time should be chosen to match the signal rise time.

Differentiation time constant: choose greater than rise time constant
(74 =107, incurs 20% loss in pulse height)
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Time Walk

(NN}
(@]
For a fixed trigger level the time of threshold =
crossing g
depends on pulse amplitude. <
= Accuracy of timing measurement limited by
e jitter (due to noise) Vr
e time walk (due to amplitude variations)

TIME

4> 47
AT = “WALK”

If the rise time is known, “time walk” can be compensated in software event-by-event by
measuring the pulse height and correcting the time measurement.
This technique fails if both amplitude and rise time vary, as is common.

In hardware, time walk can be reduced by setting the threshold to the lowest practical level,
or by using amplitude compensation circuitry, e.g. constant fraction triggering.
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Lowest Practical Threshold

d 1
Single RC integrator has maximum slope at ¢= 0: a(l —e)y == ¢"
T
However, the rise time of practically all fast timing systems is determined by multiple time
constants.

For small ¢ the slope at the output of a single RC integrator is linear, so initially the pulse
can be approximated by a ramp «t.

Response of the following integrator
V=at — V =at-t)-are'”
L INPUT
% -
= The output is delayed by 7 =
and curvature is introduced at small . <. OUTPUT
<
Output attains 90% of input slope after i
t=2.3r.
! | ! | ! | ! | ! |
, _ 0 1 2 3 4 5
Delay for n integrators = nt NORMALIZED TIME £ / ©
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Additional RC integrators introduce more curvature at the beginning of the pulse.

1.0

0.8
Output pulse shape for multiple RC

integrators
0.6

(normalized to preserve the

peaking time, 7. =7, , /n) 0.4

SHAPER OUTPUT

0.2

0.0

TIME

Increased curvature at beginning of pulse limits the minimum threshold for good timing.
— One dominant time constant best for timing measurements

Unlike amplitude measurements, where multiple integrators are desirable to
improve pulse symmetry and count rate performance.
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Fast Timing: Comparison between theory and experiment

Time resolution «« 1/(S/N)

At S/N <100 the measured curve lies
above the calculation because the
timing discriminator limited the rise time.

At high S/ N the residual jitter of the time
digitizer limits the resolution.

TIME RESOLUTION (ps rms)

1000 =

RN

o

o
]

—_—
(@)
IIII

MEASURED

CALCULATED

10

100 1000
SIGNAL-TO-NOISE RATIO

For more details on fast timing with semiconductor detectors, see
H. Spieler, IEEE Trans. Nucl. Sci. NS-29/3 (1982) 1142.
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6. Digitization of Pulse Height — Analog to Digital Conversion

For data storage and subsequent analysis the analog signal at the shaper output must be
digitized.

Important parameters for ADCs used in detector systems:

1. Resolution
The “granularity” of the digitized output

2. Differential Non-Linearity
How uniform are the digitization increments?

3. Integral Non-Linearity
Is the digital output proportional to the analog input?

4. Conversion Time
How much time is required to convert an analog signal to a digital output?

5. Count-Rate Performance
How quickly can a new conversion commence after completion of a prior one
without introducing deleterious artifacts?

6. Stability
Do the conversion parameters change with time?

Instrumentation ADCs used in industrial data acquisition and control systems share most of
these requirements. However, detector systems place greater emphasis on differential non-
linearity and count-rate performance. The latter is important, as detector signals often occur
randomly, in contrast to measurement systems where signals are sampled at regular
intervals.
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6.1 Resolution

Digitization incurs approximation, as a continuous signal distribution is transformed into a
discrete set of values. To reduce the additional errors (noise) introduced by digitization, the
discrete digital steps must correspond to a sufficiently small analog increment.

Simplistic assumption:

Resolution is defined by the number of output bits, e.g. 13 bits — A‘Y = 81192 =1.2-10"

True Measure: Channel Profile

Plot probability vs. pulse amplitude that a pulse height corresponding to a specific
output bin is actually converted to that address.

Ideal ADC:

A
Measurement accuracy: B(Vy)

«— AV —><«— AV —><«— AV —>

e If all counts of a peak fall in one bin, the 17
resolution is AV.

e |f the counts are distributed over
several bins, peak fitting can yield a
resolution of 10" = 102 AV,

A\

if the distribution is known and | ‘ |
reproducible (not necessarily a valid V.-AV % V.+AV
assumption for an ADC).
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In reality, the channel profile is not rectangular as sketched above.

Electronic noise in the threshold discrimination process that determines the channel
boundaries “smears” the transition from one bin to the next.

Measured channel profile (13 bit ADC) The profiles of adjacent channels
overlap.
A
P(V) 1 NN N
.f--"——"‘-—._\“ B . .o . .- . ..
4 kS
2 - ':
: i =
. m
. I
m
& @)
3 » o
: £ o
o~ 4 - \ > O ; !'. !'. -n !‘. .o ..
Vv 344 345 346 347 348 349 350
CHANNEL NUMBER

CHANNEL BOUNDARIES
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Channel profile can be checked quickly by applying the output of a precision pulser to the
ADC.

If the pulser output has very low noise, i.e. the amplitude jitter is much smaller than the
voltage increment corresponding to one ADC channel or bin, all pulses will be converted to
a single channel, with only a small fraction appearing in the neighbor channels.

Example of an ADC whose digital resolution is greater than its analog resolution:

8192 ch conversion range (13 bits) 2048 ch conversion range (11 bits)
10° 10°
® °
[ ]
[ ]
®
() ()
E ° E
Zz Z
2 T 2 T
O O
O O
° ® T [ ]
 J
]
] o ]
0ox1 O0 -ﬁh 0ox1 O0 mmmm
6760 6800 6840 6880 1680 1690 1700 1710
CHANNEL NUMBER CHANNEL NUMBER

Here the 2K range provides maximum resolution — higher ranges superfluous.
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How much ADC Resolution is Required?

Example: Detector resolution AE Digitized spectra for various ADC resolutions (bin widths)
1.8 keV FWHM
AE=1.8 keV =1 x FWHM AE=0.72 keV = 0.4 x FWHM
AE=1.8 . AE=0.72 .
3 8 R 8 .
65 4270123 450 MDA A NS A
RELATIVE ENERGY [keV] RELATIVE ENERGY [keV] RELATIVE ENERGY [keV]

AE=0.36 keV = 0.2 x FWHM AE=0.18 keV = 0.1 x FWHM

AE=0.36 o° AE=0.18 &,
° ®le
(£ ° fQ ° o
Z Z Y
8 ° 8 °
O ° (@] d [ ]
° o °
° ° °
° @ °
cmn»mog. T — %e00000000e d'——%
6 5 4 -3 2 1 0 1 2 3 4 5 6 6 5 4 -3 2 1 0 1 2 3 4 5 6
RELATIVE ENERGY [keV] RELATIVE ENERGY [keV]

Fitting can determine centroid position to fraction of bin width even with coarse digitization,
if only a single peak is present and the line shape is known.
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6.2 Differential Non-Linearity

Differential non-linearity is a measure of the non-uniformity of channel profiles over the
range of the ADC.

Depending on the nature of the distribution, either a peak or an rms specification may be

appropriate.
DNL = max m—l oo ~DNL=r.m.s. w—l
(AV) (AV)
where (AV) is the average channel width and

AV (i)is the width of an individual channel.

Differential non-linearity of < +1% max. is typical in nuclear science ADCs,
but state-of-the-art ADCs can achieve 10 rms,

i.e. the variation is comparable to the statistical fluctuation for 10° random counts.
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Typical differential non-linearity patterns

“white” input spectrum, suppressed zero Vertical scale 10x larger than left
2
A A
.-:- Jq:‘.Ll' e :‘ v i: t'; ;,‘E:'{:::‘i‘}:: ":’ ;‘- s ':._ . .'.-...'. . :.'..:"-".‘:‘,v . ::',-"',. ._.'..-_’ -. ._',._:."\. :.:."0. . .'..'-.'

COUNTS
COUNTS

>
CHANNEL NUMBER CHANNEL NUMBER

An ideal ADC would show an equal number of counts in each bin.

The spectrum to the left shows a random pattern, but
note the multiple periodicities visible in the right hand spectrum.

Note: Instrumentation ADCs are often specified with an accuracy of +0.5 LSB
(least significant bit) or more, so
1. the differential non-linearity may be 50% or more,
2. the response may be non-monotonic

= output may decrease when input rises.
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6.3 Integral Non-Linearity

Integral non-linearity measures the deviation from proportionality of the measured
amplitude to the input signal level.

10000

8000

6000

4000

CHANNEL NUMBER

2000

PULSE HEIGHT (V)

The dots are measured values and the line is a fit to the data.

This plot is not very useful if the deviations from linearity are small.
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20

Plotting the deviations of the measured points
from the fit yields a more useful result. =
2 10 1 0%,
= [ o o
L
S ° b
2 .l 2 .
Integral non-linearity measured with a L 01 ..‘ °
L z
400 ns wide input pulse = s . .
>-10°
=) o [
[ J
: : -20 IP j T T T T T T 1
The Ilnearlty of an ADC can depend on the 0 2000 4000 6000 8000
input pulse shape and duration, CHANNEL NUMBER
due to bandwidth limitations in the circuitry. )
.
3 -
C 14 °®
=
Increasing the pulse width to 3 us g 0 4 . e 4, °
improved the linearity significantly: >  » o 0% o
) ] '. o ® o L
S e
p
Lu -
()]
-2 T T T T T T T 1
0 2000 4000 6000 8000
CHANNEL NUMBER
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6.4 Conversion Time
During the digitization of a signal a subsequent signal is lost (“dead time”).
Dead Time =
signal acquisition time — time-to-peak + const.

+ conversion time

\J

can depend on pulse height

+ readout time to memory — depends on speed of data transmission and
buffer memory access

Dead time affects measurements of yields or reaction cross-sections. Unless the event
rate << 1/(dead time), it is necessary to measure the dead time, e.g. with a reference
pulser fed simultaneously into the spectrum.

The total number of reference pulses issued during the measurement is determined by
a scaler and compared with the number of pulses recorded in the spectrum.

Does a pulse-height dependent dead time mean that the correction is a function of pulse
height?

Usually not. If events in different part of the spectrum are not correlated in time, i.e.
random, they are all subject to the same average dead time (although this average will
depend on the spectral distribution).

e Caution with correlated events!
Example: Decay chains, where lifetime is < dead time.
The daughter decay will be lost systematically.
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6.5 Count Rate Effects
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Problems are usually due to internal baseline shifts with event rate or undershoots

following a pulse.

If signals occur at constant intervals, the effect of an undershoot will always be the

Same.

However, in a random sequence of pulses, the effect will vary from pulse to pulse.

= spectral broadening

Baseline shifts tend to manifest themselves as a systematic shift in centroid position with

event rate.

Centroid shifts for two 13 bit ADCs vs.
random rate:

Not all ADCs work as expected.

Signal Processing and Electronics

CENTROID SHIFT (ch)

0_

°weo o o
L g )

0 40

80 120
PULSE RATE (103 ')

Helmuth Spieler

2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



138

6.6 Stability

Stability vs. temperature is usually adequate with modern electronics in a laboratory
environment.

¢ Note that temperature changes within a module are typically much smaller than
ambient.

However: Highly precise or long-term measurements require spectrum stabilization
to compensate for changes in gain and baseline of the overall system.

Technique: Using precision pulsers place a reference peak at both the low and high
end of the spectrum.

(Pk. Pos. 2) - (Pk. Pos. 1) — Gain, ...
then
(Pk. Pos. 1) or (Pk. Pos. 2) —  Offset

Traditional Implementation:  Hardware, spectrum stabilizer module
Today, it is more convenient to determine the corrections in software.

These can be applied to calibration corrections or used to derive an electrical signal
that is applied to the hardware (simplest and best in the ADC).
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7. Digital Signal Processing

0.5 —
Sample detector signal with fast digitizer to g %47
reconstruct pulse: E
Z
w 0.3
o
o -
3
o 0.2 —
<
Z -
O
. . 0 01—
Then use digital signal processor to perform :
mathematical operations for desired pulse shaping. 00
: ' I ' I ' |
0 10 20 30
. TIME (ns
Block Diagram ")
DETECTOR PREAMP  ADC DSP
INCIDENT
RADIATION PUBLICATION
SAVAVAVAV. 2 —>

DSP allows great flexibility in implementing filtering functions

However: increased circuit complexity
increased demands on ADC, compared to traditional shaping.
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0.6 —

Important to choose sample interval sufficiently
small to capture pulse structure.

0.4 —

Sampling interval of 4 ns misses initial peak.

SIGNAL CURRENT
1

0.2 —

L
0.0 T T T T T 1
0 10 20 30
TIME [ns]
With too low a sampling rate high frequency ACTUAL ALIASED
components WAVEFORM WAVEFORM
will be “aliased” to lower frequencies: / /
Applies to any form of sampling
(time waveform, image, ...)
Nyquist condition: | | | | | | |
: : . T T, T, T, T T, T
Sampling frequency > 2x highest signal frequency SAMPLING TIMES
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= Fast ADC required + Pre-Filter to limit signal bandwidth

DETECTOR PREAMP PRE-FILTER ADC DSP

> -

e Dynamic range requirements for ADC may be more severe than in analog filtered system
(depending on pulse shape and pre-filter).

e Digitization introduces additional noise (“quantization noise”)
If one bit corresponds to an amplitude interval A, the quantization noise

Al2 2 2
ol = I LA
a2 A 12

(differential non-linearity introduces quasi-random noise)

e Electronics preceding ADC and front-end of ADC must exhibit same precision as analog
system, i.e. baseline and other pulse-to-pulse amplitude fluctuations less than order
0,10, i.e. typically 10 in high-resolution systems. For 10 VV FS at the ADC input this
corresponds to <1 mV.

—> ADC must provide high performance at short conversion times. Today this is
technically feasible for some applications, e.g. detectors with moderate to long
collection times (y and x-ray detectors).
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Digital Filtering
N-1
Filtering is performed by convolution: S (n)= Z W(k)-S;(n—-k)
k=0

W(k) is a set of coefficients that describes the weighting function yielding the desired pulse
shape.

A filter performing this function is called a Finite Impulse Response (FIR) filter.

This is analogous to filtering in the frequency domain:

In the frequency domain the result of filtering is determined by multiplying the responses of
the individual stages:

G(f) =G, (f)-G,(f)
where G,(f) and G,(f) are complex numbers.

The theory of Fourier transforms states that the equivalent result in the time domain is
formed by convolution of the individual time responses:

g)=g,0)* g, = | 8,(r)-g,(¢-1)dr,

analogously to the discrete sum shown above.
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ADCs often have excessive noise.

Increasing gain to increase the signal level into the ADC will reduce the ADC noise
contribution, but reduce the dynamic range.

For a preamplifier input noise v, , fed to the ADC input noise v, with a gain G, the overall

noise
2 2 2
\/(v G) +v v
v = nl n2 :\/02 +( n2j

n G nl

2 2

1
The ratio of the overall noise to the ADC noise Un _ (UAJ + (Ej
an

The resulting dynamic range given by the ratio of the maximum ADC input signal level to
the combined noise is

‘/imax B ‘/lglax /G ‘/lgzax 1

o \/vil +(Un2/G)2 o [U’“GJZ +1

Un2

The second factor is the reduction of dynamic range.
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Change in dynamic range and noise vs. pre-ADC gain for various ratios of the
pre-circuit noise U, , to the ADC noise U_,,
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Given a sufficient sampling rate, digital signal processing will provide the same results as
an analog system.

The equivalent noise charge expression yielding the results of current noise, voltage, and
1/ f voltage noise

: C*

Q. =i, FT;+e,F,—+F AC*
T

applies to both analog and digital signal processing, provided the additional noise

contributions in digital processing are negligible.

Potential Problems as noted above are insufficient sampling rate and excessive ADC noise,
in addition to digital crosstalk.
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Digital vs. Analog Processing
Benefits of digital signal processing:
¢ Flexibility in implementing filter functions
¢ Filters possible that are impractical in hardware
e Simple to change filter parameters
¢ Tail cancellation and pile-up rejection easily incorporated
e Adaptive filtering can be used to compensate for pulse shape variations.

Where is digital signal processing appropriate?
e Systems highly optimized for Resolution

High counting rates
e Variable detector pulse shapes

Where is analog signal processing best (most efficient)?

e Fast shaping
e Systems not sensitive to pulse shape (fixed shaper constants)

¢ High density systems that require small circuit area or low power

Both types of systems require careful analog design.

Progress in fast ADCs (precision, reduced power) will expand range of DSP applications.
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V1. Why Things Don’t Work
— Why S/N Theory Often Seems to be Irrelevant

There are many reasons why things don’t work ...
1. ldiocy
2. Incompetence
3. Meetings

(where decisions are made,
but many participants are incompetent)
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However, you might also encounter some technical problems:
Throughout the previous lectures it was assumed that the only sources of noise were
e random
e known
¢ in the detector, preamplifier, or associated components
In practice, the detector system will pick up spurious signals that are
e not random,
e but not correlated with the signal,

so with reference to the signal they are quasi-random.

= Baseline fluctuations superimposed on the desired signal
= Increased detection threshold, degradation of resolution
Important to distinguish between

e pickup of spurious signals, either from local or remote sources (clocks, digital
circuitry, readout lines),

e self-oscillation
(circuit provides feedback path that causes sustained oscillation due to a portion of
the output reaching the input)
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External Pickup is often the cause, but many problems are due to poor work
practices or inappropriate equipment

1. Termination of Cables

Signals are transmitted from one unit to another through transmission lines, often coaxial
cables or ribbon cables.

When transmission lines are not terminated with their characteristic impedance, the signals
are reflected.

TERMINATION: SHORT OPEN
Reflections on Transmission Lines
PRIMARY PULSE | |
Termination < Line Impedance:
REFLECTED
Reflection with opposite sign PULSE |
> |
L . 2ty
Termination > Line Impedance:
_ _ . PULSE SHAPE |
Reflection with same sign AT ORIGIN
Signal Processing and Electronics Helmuth Spieler
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Example:

1 K in parallel with 30 pF is a typical input impedance
for a shaping amplifier.

If feeding a counter, each signal pulse will be When the cable is properly

registered the multiple times, depending on the terminated, reflections disappear.

threshold setting.

N
|

RN
|

0.5

VOLTAGE (V)
o
|
L
VOLTAGE (V)

1
—_
|

1
N
|

! | ! | ! | ! | ! | ! | ! | ! | ! |
0 200 400 600 800 1000 0 200 400 600 800
TIME (ns) TIME (ns)
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Two methods of terminating cables:

Z
1. Parallel termination at receiving -
end
Rr=2, Zy
2. Series termination at sending end —!>—'W\r

r77 r77

In this configuration the original pulse is reflected at the receiving end, but the reflection is
absorbed at the sending end, so it doesn’t reappear at the receiver.

The series resistor feeding the transmission line forms a voltage divider that attenuates the
pulse amplitude by a factor of 2.

However, since the high impedance at the end of the cable causes a reflected pulse with
the same amplitude, the pulse amplitude is doubled, so it is the same as the original.

Terminations are never perfect, especially at high frequencies (>10 ... 100 MHz), so in
critical applications one can use both series and parallel termination. However, this does
incur a 50% reduction in pulse amplitude.

In the >us regime, amplifier inputs are usually high impedance, whereas timing amplifiers
tend to be internally terminated (check!).
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Noisy Detector Bias Supplies
The detector is the most sensitive node in the system.

Any disturbance AV on the detector bias line will induce
charge in the input circuit.

AQ =C,AV Cy(3
o
I° l

Frequently, power supplies are very noisy — especially old units.
The RC circuits in the bias line provide some filtering, but usually not enough for a typical
power supply

AV =10 uV and 10 pF detector capacitance yield
AQ ~ 0.1 fC — about 600 el or 2 keV (Si). Avl

Especially when the detector bias is low (<100V),
it is tempting to use a general laboratory power supply.

Beware of switching power supplies. Well-designed switching regulators can be very clean,
but most switchers are very noisy.

Spikes on the output can be quite large, but short, so that the rms noise specification may
appear adequate, although it is not.

— Use very low noise power supplies.
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Common Types of Interference

1. Light Pick-Up

Critical systems: Sources
e Photomultiplier tubes e Room lighting (Light Leaks)
e Semiconductor detectors ¢ \Vacuum gauges

(all semiconductor detectors
are photodiodes)

Interference is correlated with the power line frequency
(60 Hz in U.S., 50 Hz in Europe, Japan)

Pickup from incandescent lamps has twice the line frequency
(light intensity « voltage squared)

Diagnostics:

a) Inspect signal output with oscilloscope set to trigger mode “line”. Look for
stationary structure on baseline. Analog oscilloscope better than digital.

b) Switch off light

c) Cover system with black cloth
(preferably felt, or very densely woven — check if you can see through)
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2. Microphonics
DETECTOR  SHIELD

If the electrode at potential VB vibrates with respect to the \\ | C+AC(H)
enclosure, the stray capacitance C is modulated by AC(?), ! “ L

inducing a charge

AQ(t) = V,AC(?)

1
| y/AQ

o—

in the detector signal circuit.

Typically, vibrations are excited by motors (vacuum pumps, —\W—> V,
blowers), so the interference tends to be correlated with the
line frequency.

Check with
a) oscilloscope on line trigger
b) hand to feel vibrations
This type of pickup only occurs between conductors at different potentials, so it can be

reduced by shielding the relevant electrode.

a) intermediate shield at electrode potential
b) in coaxial detectors, keep outer electrode at 0 V.
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3. RF Pickup

All detector electronics are sensitive to RF signals.

The critical frequency range depends on the shaping time. The gain of the system peaks
at

1
kv

and high-gain systems will be sensitive over a wide range of frequencies around the
peaking frequency.

Typical sources:

e Radio and TV stations e Computers (10’s to 100’'s MHz)
AM broadcast stations: 0.5 —-1.7 MHz e Video Displays (10 — 100 kHz)
FM broadcast stations: ~ 100 MHz e Radar (GHz)
TV stations: 50 — 800 MHz .
e |Internal clock pulses (e.g. digital control,
e Induction furnaces (13.6, 27, 40 MHz) data readout)
e Accelerators
= Pulses
= Sine Waves (or recurring damped oscillations)

Pulsed UHF or microwave emissions can affect low-frequency circuitry by driving it
beyond linearity (the bandwidth of the preamplifier can be much greater than of the
subsequent shaper).
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Diagnostic Techniques
a) Inspect analog output on an oscilloscope.

Check with different trigger levels and deflection times and look for periodic structure
on the baseline.

Pickup levels as low as 10% of the noise level can be serious, so careful adjustment of
the trigger and judicious squinting of the eye is necessary to see periodic structure
superimposed on the random noise.

Again, an “old fashioned” analog oscilloscope is best.

b) Inspect output with a spectrum analyzer
This is a very sensitive technique.

Indeed, for some it may be too sensitive, as it tends to show signals that are so small
that they are irrelevant.

Ascertain quantitatively what levels of interfering signals vs. frequency are important.
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Remedial Techniques

DETECTOR PREAMP

[ ] mRN =
= >
!

CONTIGUOUS SHIELD

a) Shielding

Conducting shield attenuates an incident electromagnetic wave because of

o Reflection of the incident wave E, =E, [1 —%) where Z, = \/Z =377 Q
&

0

is the impedance of free space.

The impedance of the conductor is very low, so most of the incident wave is reflected.

This mechanism is only operative in the far field (distances > A from source).

157

Signal Processing and Electronics Helmuth Spieler

2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



158

e Attenuation of the absorbed wave — the effect of shield thickness

The absorbed wave gives rise to a local current, whose field counteracts the primary
excitation.

The net current decreases exponentially as the wave penetrates deeper into the
medium

i(x)=i,e™"

where i is the current at the surface of the conductor and

L [VemsT] |2

" 2.10™ wf

is the penetration depth or “skin depth”.

4. and p are the permeability and resistivity of the conductor and
f is the frequency of the incident wave.

In aluminum, p=2.8 pQ-cmand ¢ =1,soatf=1MHz
the skin depth 6 = 84 um =100 um.
The skin depth decreases with the square root of ¢ increasing frequency

e decreasing resistivity
(increasing conductivity)
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If the shield is sufficiently thick, the skin effect isolates the inner surface of a shielding
enclosure from the outer surface.

However, this isolation only obtains if no openings in the shield allow the current to flow
from the outside to the inside.

External fields can penetrate if
openings > 4 /1000 (diameter of ‘Ll\

holes, length of slots).

NANNNNS> «“NN\N\NN
To maintain the integrity of the
shield, M\’J\PI rJJ [
e covers must fit tightly with good k, < ) C > 4)

conductivity at the seams
(beware of anodized aluminum!),

¢ all input and output lines (signal and DC supplies) must have good shield connections,
¢ shield coverage of coax or other cables >90%, and
e connectors must maintain the integrity of the shield connection.

— Enclosure must be “water tight” to effectively suppress pickup at high frequencies
(> order 10 MHz).
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Example: RF-tight shielding of multi-channel sub-ns amplifier
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b) “Field Line Pinning”
Full shielding is not always practical, nor is it always necessary.

Rather than preventing interference currents from entering the detector system, it is often
more practical to reduce the coupling of the interference to the critical nodes.

Consider a conductor carrying an If an intermediate conductor is introduced
undesired signal current, with a with a large capacitance to the interference
corresponding signal voltage. Capacitive source and to ground compared to the
coupling will transfer interference to critical node, it will “capture” the field lines
another circuit node and effectively “shield” the critical node.
m INSULATION m
Coz Co2
[ Il
Ci2 Coi
) L - |
Cy= ()V —| J_ 1
T T @
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c) “Self-Shielding” Structures

The magnitude of capacitive coupling 1 — — —
depends on the dielectric constant of
the intermediate medium. g

Ensemble of electrodes:

g. =1in volume between €.>1
set 2 to set 1 and

g. > 1 between sets 2 and 3.

The capacitance between electrode sets 2 and 3 is &, times larger than in sets 1 to 2.

Example: Si, ¢, =11.9 = 92.2% of the field lines originating from electrode set

2 terminate on set 3, i.e. are confined to the Si bulk
7.8% terminate on set 1.

For comparison, with & =1, 50% of the field lines originating from electrode set 2
terminate on set 1.

= High dielectric constant reduces coupling of electrode sets 2 and 3 to external
sources.

If the interference source is represented by electrode set 1 and sets 2 and 3 represent a
detector

= Si detector is 6.5 times less sensitive to capacitive pickup then a detector
with & =1 (e.g. a gas chamber with the same geometry)
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d) “Self-Shielding” Cables

In mixed analog-digital systems, interfering signals may radiate from cables, especially
digital transmission lines.

By utilizing broadside-coupled differential lines with a thin intermediate dielectric, the field
is confined to the region between the conductors. The extent of the fringing field beyond
the conductor edge is about equal to the thickness of the dielectric.

Example:
Conductors (data): 50 um thick, ANALOG POWER  CURRENT SET
150 um wide THRESHOLD
Dielectric: 50 um thick
Gap between pairs: 150 um
DATA BUS ANALOG LINES
Cross-coupling between adjacent pairs: (PARTIAL)

< 2% at 60 MHz for 1 m length

Power connections are made substantially wider (1 — 5 mm), forming a low impedance
transmission line with high distributed capacitance.

The geometry shown above is for short runs in the inner region of a tracker, where
reduction of material is crucial. Dimensions can be scaled proportionally to achieve lower
resistance and signal dispersion in longer cable runs at larger radii.
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4. Inductive Coupling

A varying B field induces voltages in circuit loops.

oB
ot

1%
DET \

v

Clearly, the area A enclosed by any loops should be minimized.
Accomplished by routing signal line and return as a closely spaced pair.
Better yet is a twisted pair, where the voltages induced in successive twists cancel.

Problems occur when alternating detector electrodes are read out at opposite ends
— often done because of mechanical constraints.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



165

5. Shared Current Paths — Grounding and the power of Myth

Although capacitive or inductive coupling cannot be ignored, the most prevalent
mechanism of undesired signal transfer is the existence of shared signal paths.

Mechanism:
A large alternating current I, is coupled into I
the common ground bus. —
Although the circuit associated with generator CVD %
V., has a dedicated current return, the current < < Common
seeks the past of least resistance, which is the ‘ Ground Bus
massive ground bus. t - A\~ <= /
The lower circuit is a sensitive signal
. . < AV >
transmission path. Following the common lore, = =
it is connected to ground at both the source A\ - 4/
and receiver. ¢
The large current flowing through the ground I_>

bus causes a voltage drop AV, which is
superimposed on the low-level signal loop

associated with V, and appears as an additional signal component.

e Cross-coupling has nothing to do with grounding per se, but is due to the common return path.
However, the common ground caused the problem by establishing the shared path.

In systems that respond to transients (i.e. time-varying signals) rather than DC signals, secondary
loops can be closed by capacitance. A DC path is not necessary.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



® o .

Common

Ground Bus
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The loops in this figure are the
same as shown before, but the
loops are closed by the
capacitances Cs; and Ciz.

Frequently, these capacitances are
not formed explicitly by capacitors,
but are the stray capacitance
formed by a power supply to
ground, a detector to its support
structure (as represented by Csz),
etc.

For AC signals the inductance of the common current path can increase the impedance
substantially beyond the DC resistance, especially at high frequencies.

This mode of interference occurs whenever spurious voltages are introduced into the

signal path and superimpose on the desired signal.
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Interference does not cross-couple by voltage alone, but also via current injection.

Current spikes
originating in logic
circuitry, for example,
propagate through
the bussing system
as on a transmission
line.

Individual connection
points will absorb
some fraction of the
current signal,
depending on the
relative impedance of
the node.
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Current also flows into

low impedance node A
(common base stage),
which closes the secondary
loop,

T

but not into high impedance node B
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Remedial Techniques

1. Reduce impedance of the common path

= Copper Braid Syndrome
Colloquially called “improving ground”.

(sometimes fortuitously introduces an out-of-phase component of the
original interference, leading to cancellation)

Rather haphazard, poorly controlled = continual surprises
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2. Avoid Grounds

Circuits rely on current return paths, not a ground connection!

)
: -
‘)3 2 C)§ or

" VDET

In transferring from stage to stage the signal current flows through local return loops.
1. At the input the detector signal is applied between the gate and source of Q1

2. At the output of Q1 the signal is developed across the load resistor in the drain of Q1
and applied between the gate and source of Q2.

3. The output of Q2 is developed across the load resistor in its drain and applied across
the gate and source resistor and load.

Note that — disregarding the input voltage divider that biases Q1
— varying either +V or — V does not affect the local signals.
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Breaking parasitic signal paths

Example:

MAIN AMP,
The configuration at the left
has a loop that includes the BIAS SUPPLY
most sensitive part of the |
system T_the. detector and PREAMPLIFIER NSULATED
preamplifier input. FEEDTHROUGH

By introducing insulated feed- DET.BOX ~—
throughs, the input loop is
broken.

DETECTOR -]

Note that a new loop is shown, introduced by the common detector bias supply. This loop
is restricted to the output circuit of the preamplifier, where the signal has been ampilified,
so it is less sensitive to interference.

¢ Note that the problem is not caused by loops per se, i.e. enclosed areas, but by the
multiple connections that provide entry paths for interference.

e Although not shown in the schematic illustrations above, both the “detector box” (e.g. a
scattering chamber) and the main amplifiers (e.g. in a NIM bin or VME crate) are
connected to potential interference sources, so currents can flow through parts of the
input signal path.

Signal Processing and Electronics Helmuth Spieler
2013 ENTERVISION Course: Detectors and Electronics, Valencia, Spain — 10-11 Sep. 2013



171

Breaking shared signal paths, cont'd

1. Differential Receivers

Besides providing common mode noise rejection, differential receivers also allow “ground
free” connections.

Ideal configuration using differential drivers and receivers:

DRIVER RECEIVER

> = :

(
(

W4

> —
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Technique also usable with single-ended drivers:

DRIVER RECEIVER
_ __ -
» — 2
ks
_\ _
/f — 3

/_J7 r77
At the receiver input high-value resistors to ground provide potential referencing
between the transmitter and receiver to avoid exceeding the common mode range of

the receiver.

The transmission line is terminated by the shunt resistor (typ. 100 Q)
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2. Insert high impedances

173

Ferrite sleeves block
common mode currents.

Signal current in coax line flows on

e inner surface of shield.

e outer surface of inner conductor [

— il
— \

- ) FERRITE SLEEVE

Net field at outer surface of shield is zero. = Ferrite sleeve does not affect signal

transmission.

Common mode currents in the coax line (current flow in same direction on inner and
outer conductor)
or

current components flowing only on the outside surface of the shield (“ground loops™)
will couple to the ferrite and be suppressed.

Ferrite material must be selected to present high impedance at relevant frequencies.

Technique can also be applied to twisted-pair ribbon cables.
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Series resistors isolate parasitic ground connections.

Example: Detector bias voltage DETECTOR PREAMPLIFIER SHAPER

connection \ /

Isolation resistors can also be

mounted in an external box that is
looped into the bias cable. Either use
an insulated box or be sure to isolate
the shells of the input and output
connectors from another.

A simple check for noise introduced

through the detector bias connection

) DETECTOR

is to use a battery. " BIAS
ISOLATION SUPPLY
RESISTORS

1

COAX SHIELD INSULATED
FROM LOCAL GROUND

“Ground loops” are often formed by the third wire in the AC power connection. Avoid
voltage differences in the “ground” connection by connecting all power cords associated
with low-level circuitry into the same outlet strip.
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3. Direct the current flow away from sensitive nodes
A timing discriminator was built on a PC board and mounted in a NIM module with

multiple channels.

All inputs and outputs were mounted on the front panel. The outputs drove about 20 mA
into 50 Q cables.

Whenever an output fired, the unit broke into oscillation.

THRESHOLD OUTPUT

COMPARATOR  DRIVER
INPUT [ 122
] AV 50
v—_ %‘H
/ T < +—
50 Q
LOAD [ EF?

A portion of the output current flowed through the input ground connection. The voltage
drop AV was sufficient to fire the comparator.
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Breaking the loop by insulating the output connector from the front panel fixed the

problem.

INPUT [

g

/

s

50

THRESHOLD OUTPUT
COMPARATOR DRIVER

o

INSULATED BUSHING

Signal Processing and Electronics
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by : Si | Tr
Often it is convenient to replace the coax cable at the output by S gnal frace

a microstrip line integrated on the PC board. —

Ground Plane
Current paths can be controlled by patterning the ground plane.
THRESHOLD  OUTPUT
COMPARATOR  DRIVER
INPUT [ L]
- 50 _,
~ 1 |
—> —> 5
50 Q | o
LOAD [ ]]]r <« < 4
—> —>
Al

INSULATED BUSHING
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Ground returns are also critical at the circuit level.

Currents in output drivers:

In addition to the signal currents I;, and
Iout, the drain current is also changing with
the signal and must return to the source.
Since the return through the power supply
can be remote and circuitous, a well-
defined AC return path is provided by the
bypass capacitor.

f\l
R
O ) §u[

BYPASS CAPACITOR

Lot D % LOAD

O -V

Signal Processing and Electronics

Since the input and output signal voltages
are usually referenced to the negative
supply rail, circuits commonly configure it
as a common large area bus, the “ground”,
and all nodes are referenced to it.

M fzxmafm =
™
@ iu D %LOAD
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Since the “ground” is a large area conducting surface
— often a chassis or a ground plane —
with a “low” impedance, it is considered to be an equipotential surface.

The assumption that “ground” is an equipotential surface is not always justified.

For high frequency signals ( > 1 MHz) it is PRACTICALLY NEVER justified.

At high frequencies current flows only in a thin surface layer (“skin effect”).

The skin depth in aluminum is ~100 um at 1 MHz.
A pulse with a 3 ns rise-time will have substantial Fourier components beyond
100 MHz, where the skin depth is 10 um.

= Even large area conductors can have substantial resistance!

Example: A strip of aluminum, 1 cm wide and 5 cm long
has a resistance of ~20 mQ at 100 MHz (single surface, typical Al alloy)

100 mA = 2 mV voltage drop,
which can be much larger than the signal.

The resistance is determined by the ratio of length to width, i.e. a strip 1 mm wide and 5
mm long will show the same behavior.

Inductance can increase impedances much beyond this value!
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Consider a current loop closed by two connections to a ground plane.

Current distribution around the two
connection points

Assume a total drop of 100 mV.

180

The dashed lines indicate equipotential The resulting potential distribution is
contours. shown below.
40 50 60
30 -0
- 20 () )80
10
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Mounting a circuit block (an IC, for Direct connection of the bypass

example) with ground and bypass capacitor between the V+ and GND
connections as shown below pads avoids pickup of the voltage drop
introduces a 50 mV voltage drop in the on the ground plane.

“ground” path.

40 60 40 v+
v+ GND
GND
30 -0 30
20 () )80 20 () )eo
0 {0
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“Ground” Connections in Multi-Stage Circuits

IC combining a preamplifier, gain stages and an output driver:

0

|

1
@/’ N . 3
t 4/3‘\ <

@)

0
F \

§ LOAD

The output current is typically orders of magnitude greater than the input current
(due to amplifier gain, load impedance).

Combining all ground returns in one bond pad creates a shared impedance (inductance
of bond wire).

This also illustrates the use of a popular technique — the “star” ground
— and its pitfalls.
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Separating the “ground” connections by current return paths routes currents away from
the common impedance and constrains the extent of the output loop, which tends to carry
the highest current.

V+

O

§ LOAL

Q

DETECTOR <:
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The Folded Cascode
The folded cascode is frequently used in preamplifiers optimized for low power.

Standard cascode with representative transistor sizes:

The cascode combines two +V +V
transistors to obtain IjI
W=25

¢ the high transconductance and Vi L =8

low noise of a wide transistor ouT ouT
¢ the high output resistance \. W=25 = W=25

(increased by local feedback) 2 HI; -o '|I; L=

and small output capacitance of W= 250 We 250

a narrow transistor IN Ves L:l L=1 IN HVGS L:l L=1

e reduced capacitance between
output and input

Since the input transistor determines the noise level, its current requirement tends to
dominate.

In a conventional cascode the current required for the input transistor must flow through
the whole chain.

The folded cascode allows the (second) cascode transistor to operate at a lower current
and, as a result, higher output resistance.
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PMQOS transistors tend to have lower “1/ f” noise than NMOS devices, so this adaptation
is often used:

+V,
WV,
VGST ! ouT
N—F -

The problem with this configuration is that the supply V1 becomes part of the input signal
path. Unless the V; supply bus is very carefully configured and kept free of other signals,
interference will be coupled into the input.
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Consider the circuit connected to a strip detector:

ouT

Unless the connection points of the bypass capacitors from the FET source and the
detector backplane are chosen carefully, interference will be introduced into the input

signal loop.
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It is much better to “ground” the FET source to a local signal reference and use a
negative second supply.

Y

T ouT
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Connected to a strip detector (and redrawn slightly), this configuration provides a direct
input return loop.

Y,

ouT

N\
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For some (mythical?) reason positive supplies are more popular.
Proper connection of the detector can still provide a direct input path.

Y

ouT

N\

|4

In most implementations supply lines are more susceptible to pickup, so the +V; line
must be properly filtered to prevent current injection.
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Choice of Capacitors
Capacitors are often in signal return paths. As bypass capacitors they must buffer large
current pulses.

All capacitors form a series resonant circuit. Above the resonance frequency they act
inductive. The loss resistance (equivalent series resistance, ESR) limits the impedance at

resonance.

Impedance of X7R ceramic chip capacitors Comparison between X7R, Y5V
ceramic and Tantalum chip capacitors.

1000 100 3
100 I
S g 193
S N
L L
@] @] 1
=z =z
< <
[m) 1 [m)
L L
= S
= = 01 4
0.1
001 | LR | LR | LA | L] | 001 LR | LR | LA | LA |
10° 10° 10’ 10° 10° 10° 10° 10’ 10° 10°
FREQUENCY (Hz) FREQUENCY (Hz)

Y5V has large voltage dependence, typ. ~20% of nominal capacitance at rated voltage. X7R better.
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Other Considerations

1. Choice of Shaper

Although a bipolar shaper has slightly
inferior noise performance than a unipolar
shaper, it may provide better results in the
presence of significant low-frequency
noise.

Minimum Noise

CR-RC  Q,,, =1.355fi,e,C

(CR)*RC @

n,opt

=1.406 /i e C
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(CR)2-RC

RELATIVE VOLTAGE GAIN
2 g § 9

—_—
<
©

—_—
<
©

10 10° 10* 10° 10° 10" 108
FREQUENCY (Hz)

In the frequency domain the additional CR-stage (low-pass filter) provides substantial

attenuation of low-frequency interference.
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2. Local Referencing COOLING STAVE

Noise currents on the cooling or support

structures can couple to the detector DETECTOR
input node.
T‘/ » SIGNAL OUTPUT
= Keep stave and module at same - —4
high-frequency potential ik T "1 °
- .|_ T DETECTOR BIAS
" [ ¢ ANV é O
Keep mounting capacitance small, SOLATION
RESISTORS

Control spurious signals on mount

. . DETECTOR
Easier said than done.

J~_I> > SIGNAL OUTPUT
Just one example for a common

challenge. S qf-- —
Very important! - .|_ T DETECTOR BIAS
v ANV v O
Often the rational for “grounding”, but ISOLATION
. . . RESISTORS
think of the physical mechanisms
before blindly following recipes.
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Summary

e Detectors involve a wide range of interacting functions — often conflicting.
Requires understanding the physics of the
experiment, detector, and readout,
rather then merely following recipes.

e Physics requirements must be translated to engineering parameters.

e Many details interact, even in conceptually simple designs.
View in different aspects, e.g. analysis in time and frequency domain

e Single-channel recipes tend to be incomplete
— Overall interactions must be considered.

Don’t blindly accept the results of simulations. Do cross checks!

Novel detectors often build on a range of different concepts.
Appropriate compromises often enable systems that were called impractical.

The broad range of physics in novel detector development brings you
into more science than run-of-the-mill data analysis.
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